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 Waste incineration and Superfund sites lead to the formation of pollutants harmful 
to both the environment and human health. Environmentally Persistent Free Radicals 
(EPFRs) are a class of newly discovered radical pollutants known to form on combustion 
by-products such as fly ash and particulate matter. EPFRs are rapidly gaining attention 
for their harmful effects on the environment and human health. Previous research has 
shown the formation of EPFRs through surface-mediated reactions with transition metal-
oxides on particulates. The work presented in this dissertation explores the relationship 
between fly ash composition and EPFR formation.  
 Fly ash production occurs from combustion systems, namely waste incinerators. 
Waste composition varies widely throughout the globe, which changes the composition 
of fly ash and its associated pollutants. In Chapter 4, the thorough characterization of real 
world fly ashes from municipal and medical waste incinerators is explored and includes 
EPFR concentrations, elemental composition and particle characterization. EPFR 
variability found among real world fly ashes is heavily influenced by fly ash composition. 
Based on the findings from the real world fly ashes, a model system was developed to 
further understand the role of sulfur in the formation of EPFRs and is described in Chapter 
5. Sulfur species, in the form of ammonium sulfate and sulfur dioxide, have a major 
influence on EPFR formation.  
 In Chapter 6, a remediation method for mining influenced water using Chitin and 
sulfate-reducing bacteria is presented. The work done at LSU confirmed sulfur reduction, 
which indicated a successful remediation of heavy metals and sulfates from the water. 
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CHAPTER 1: INTRODUCTION 
 Superfund sites contain soil, sediment, groundwater or air contaminated by 
hazardous waste or pollutants. In 1986, the Superfund Amendments and Reauthorization 
Act (SARA) was established to enhance the Comprehensive Environmental Response 
Compensation and Liability Act (CERCLA) by investing more resources into the 
development of more suitable remediation methods and the understanding of the 
consequences of such sites on human health1. The main goal of Superfund is to clean-
up contaminated sites safely and efficiently through the investigation of associated 
pollutant harm to the environment and to the health of the people in neighboring 
communities2. Columbia University has an ongoing research project to map current 
Superfund sites and has made it publicly available as an interactive map (Figure 1.13).  
 




 The most well-known contamination incidents include Love Canal4-5, the BP oil 
spill6-8, and the Exxon-Valdez oil spill9-10. Additionally, the World Trade Center attack in 
2001 led to the inhalation of dust and particulates that significantly impacted the health of 
rescue workers and the surrounding environment11-13. Pollutants regulated by the EPA 
found at these and other Superfund sites include persistent organic pollutants (POPs), 
arsenic, dioxins, mercury, polychlorinated biphenyls (PCBs), trichloroethylene (TCE), and 
chromium VI14. Other common contamination issues found at Superfund sites are lead, 
asbestos, bioavailability of soils and radiation15. 
 Remediation of Superfund sites depends on the type of contaminants present. The 
most common remediation techniques include both ex-situ and in-situ methods. The most 
common ex-situ methods are air sparging, bioreactor landfills, bioremediation, multi-
phase extraction, nanotechnology, phytotechnologies, solidification, solvent extraction, 
and thermal treatment16-18. Common in-situ methods include chemical reactions, flushing, 
oxidation and thermal treatment16, 19. Regardless of which technique is applied on site, 
thermal treatment is almost always used as the final treatment of contaminated materials 
from Superfund sites10.  
 Thermal treatment methods generally consist of heating the contaminated material 
at high temperatures for a period of time. Open burn/open detonation, thermal desorption, 
vitrification and incineration are types of thermal treatment used to clean up past and 
current superfund sites16. Open burning and open detonation both destroy excess 
obsolete or unserviceable materials by either self-sustained combustion with ignition from 
an external source or detonation initiated by an electrical charge16. Thermal desorption is 
used to destroy organic contaminants and volatilize water by heating20. A carrier gas 
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transports the organics and volatilized water to a gas treatment system under high (320-
560 °C) or low (90-320 °C) temperatures. Vitrification melts contaminated soil at high 
temperatures using an electric current to create a leach-resistant, chemically stable 
material. In-situ thermal treatment extracts volatized species and then removes them 
using soil vapor extraction18, 21. Thermal treatment also destroys contaminants using heat 
from conductive material, electrical resistance, radio frequency, hot air, or water and 
steam21. Incineration was the most popular thermal treatment method in the early 90s, 
both on-site (using a transportable unit) and off-site (central facility)16, 22. Incineration 
combusts and volatilizes organics in hazardous waste with fuel at temperatures ranging 
from 870-1200 °C. Removal efficiency for incineration is 99.9999%, which is high enough 
for the removal requirement of PCBs and dioxins, well-known toxins22. 
Many combustion systems, such as incinerators, still have issues with particulate 
matter emissions despite the advances in emission control technology in recent years. 
The correlation between human health issues and inhalation of particulate matter, 
especially combustion borne particulate matter23, is extremely high24-25. Studies have 
shown an increase in cardiovascular and respiratory disease in communities within close 
proximity to highways and municipal waste sites26-28. The work presented in this study 
focuses on the relationship between combustion emitted particulates and the formation 
of corresponding air pollutants. 
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1. EPA, United States, Superfund Regulations. 2016. 
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CHAPTER 2: BACKGROUND 
Waste management traditionally consists of landfilling1, recycling, compost 
production and incineration. For many countries waste management is extremely 
challenging due to the massive generation of waste. Across the globe 1.3 billon tons of 
municipal solid waste are produced annually2 with 258 million tons from the United 
States alone3,  where landfilling is the most common waste disposal method. However, 
there are serious issues with using landfills including the leaching of waste material 
(including toxic materials)4 into surrounding environments and the lack of available 
isolated land to accommodate them. Recycling and composting are becoming more 
popular methods but still require separation methods to reuse the recycled material5-6. 
Incineration has become more popular in recent years as a main method for waste 
disposal. The benefits of using incineration include volume reduction (up to 90%), mass 
reduction (up to 70%), energy recovery and the destruction of pathogenic species7-11. 
The reduction in volume and mass helps eliminate the need for landfills to hold waste 
materials. Energy recovery is the most sustainable benefit to using incineration, 
especially in municipal areas; and by burning hospital waste, many harmful pathogenic 
species are destroyed by vaporization at high temperatures12. 
Many waste plants are turning to incineration for a dual purpose of fueling energy 
while simultaneously disposing of waste. In Sweden, Denmark, Switzerland, Italy and 
China5-6, 13-15, sustainable methods have been implemented for years due to the on-
going issue of high amounts of waste generated with fewer options for disposal. In 
highly populated countries such as China, the amount of waste increases annually, 
resulting in an increased use of incinerators. While the benefits described above are 
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attractive incentives for companies and municipalities to use incineration, there are 
many environmental and health problems associated with this method due to the 
formation of persistent organic pollutants (POPs)16 and combustion particulates17-18 
described in more detail in Section 2.2.1. 
2.1 Waste Incineration 
 2.1.1 Classification of Waste  
The type and disposal of waste is classified and regulated by the Resource 
Conservation and Recovery Act (RCRA) by Congress and enforced by the 
Environmental Protection Agency (EPA) in the United States of America (USA)19. Solid 
waste is classified as either hazardous or non-hazardous waste. Hazardous waste (HW) 
includes any waste material, solid, liquid or gas, that is potentially dangerous or harmful 
to the environment and human health20. HW includes ignitable, toxic, corrosive and 
reactive wastes as defined by subtitles C and D of the RCRA19. HW generally comes 
from oil refineries, manufacturing plants, hospitals and commercial products19. Non-
hazardous waste can include municipal solid waste, agricultural waste and the rest of 
the industrial wastes as defined by subtitles C and D of the RCRA19. 
Municipal solid waste (MSW) generally contains materials collected from 
households, commercial establishments, institutions and businesses with individual 
items that include paper, cans, bottles, food waste, yard trimmings, and construction 
debris, just to name a few21-22. A major concern with municipal waste incineration (MWI) 
is the variability of the composition as shown by Thanh et al.23 Further, Edjabou and 
colleagues have shown that MSW composition differs for single-family vs. multi-family 
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homes22. Since the classification of MSW covers materials from paper goods to food 
waste to glass, emissions associated with the disposal of these materials vary widely.  
2.1.2 Incineration Processes	
MSW incineration is commonly used for its ability to turn a disposal method for 
waste into an energy source. Incineration is the process of burning fuel in air at very 
high temperatures (900-1800 °C).  During incineration, molecules are vaporized, 
thermally dissociated, subject to hydrogen and hydroxyl radical attack and undergo a 
variety of interactions resulting in the formation of new products, viz. pollutants. Zone 
Theory divides the combustion process into five areas by location and temperature 
(Figure 1)24. Incinerators are comprised of all five zones. 
	
Figure 2.1. Zone theory of combustion systems [reprinted with permission from 
Environmental Health Perspectives from reference24 24, copyright 2006]. 
 
 Zone 1 is the pre-flame zone or fuel zone and is characterized by short residence 
time, low excess air and a wide temperature range (up to 1200 °C). Low energy 
reactions, i.e. thermal decomposition and fragmentation, create new intermediates 
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important in downstream reactions. Zone 2, the flame zone, is characterized by high 
temperatures (1000-1800 °C) where vaporization of metals and chlorine occurs. In 
addition, organic material combusts into its most thermodynamically stable product, 
mostly CO2, H2O, and HCl. Pyrolysis (lack of O2) pockets can form from poor fuel/air 
mixing25 in Zone 2 but mostly exist further downstream in the post-flame zone.  
The post-flame thermal zone, or Zone 3, is characterized by lower temperatures 
than the previous zone, between 600-1200 °C, pyrolysis and oxidative conditions and 
the occurrence of many secondary gas-phase reactions. Experiments and modeling 
show the formation of many pollutants in pyrolysis pockets24, 26. Recombination 
reactions form polycyclic aromatic hydrocarbons (PAHs) and chlorinated, brominated 
and mixed hydrocarbons (CHCs, BHCs, XHCs) in Zone 3, as well as combustion 
derived-ultrafine particulate matter including soot, fly ash and bottom ash. As shown in 
Figure 2.2, condensation of refractory metals and metal oxides result in condensation 
nuclei and/or are incorporated in fly ash due to its sorptive properties21. 
The cool zone consists of two distinct zones, the gas-quench (Zone 4) and the 
surface-catalysis (Zone 5). Zone 4 is characterized by long residence times (>10 sec), 
both oxygen-rich and oxygen-depleted areas, and gradual or rapid quenching of the gas 
temperature. Partially oxidized products form via radical-oxygen reactions, while nitrated 
products form by radical-molecule addition reactions26-27. Zone 5, where temperatures 
drop to below 600 °C, is fundamentally different in that surface-mediated reactions 
dominate and lead to the formation of many harmful pollutants, namely PAHs28, 
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)18, environmentally 
persistent free radicals (EPFRs), polybrominated dibenzodioxins and dibenzofurans 
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(PBDD/Fs), nitro-PAHs and oxy-PAHs, and many others29. Reaction times vary from a 
few seconds to hours between gas-surface and deposited particulates.  
 
Figure 2.2. Formation of combustion borne particulates explained by Zone theory 
[reprinted with permission from Environmental Health Perspectives from reference24 24, 
copyright 2006]. 
 
2.2 Incineration Emissions  
 2.2.1 Types of Incineration and Their Emissions 
 There are many different types of incinerators to burn both hazardous and non-
hazardous waste including moving grate30, fixed grate31, fluidized bed32, and rotary 
kilns33-34.  Common emissions include polychlorinated biphenyls (PCBs), PCDD/Fs and 
PAHs but vary based on fuel and/or waste type associated with the aforementioned 
incinerators12, 35-37. Dangerous levels of PCBs, PCDD/Fs and PAHs are emitted through 
stack gases. Additionally, PCDD/Fs and PAHs form on fly ashes also emitted into the 
atmosphere. 
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In general, incineration leads to the emission of many harmful classes of 
pollutants due to the variable composition of municipal waste. The most notable are 
particulate matter (PM), products of incomplete combustion (PICs) and noncombustible 
gases38. PM is a class of micron-sized particles in the air that damage human health 
after inhalation into the lungs and will be discussed in more detail in the next section. 
PICs include carbon monoxide (CO), NOx, ozone (O3), sulfur dioxide (SO2), smoke, 
halogenated dioxins and furans and polynuclear organic material (POM). Non-
combustible gases include nitrogen oxides (NOx), sulfur oxides (SOx), and hydrogen 
chloride (HCl)16, 38.   
EPA heavily regulates emissions from incineration plants. According to the CFR 
Title 40, Chapter I, Subchapter I, Part 264, Subsection O, Section 264.343, there must 
be 99.9999% destruction and removal efficiency for tetra-, penta- and 
hexachlorodibenzo-p-dioxins and dibenzofurans, HCl cannot exceed 1% in the stack 
gases or 1.8 kilograms per hour, and PM emissions cannot exceed 180 milligrams per 
dry standard cubic meter39. According to the CFR Title 40, Chapter I, Subchapter C, 
Part 60, Subpart CCCC, nine core pollutant emissions [cadmium, carbon monoxide, 
dioxin/furans, hydrogen chloride, lead, mercury, nitrogen oxides, opacity, particulate 
matter, and sulfur dioxide] are regulated. The emission limitations are as follows: 
cadmium is 0.004 mg per dry m3; carbon monoxide is 157 ppm by dry volume; the toxic 
equivalent for dioxin/furan is 0.41 ng per dry m3; hydrogen chloride is 62 ppm by dry 
volume; lead is 0.04 mg per dry m3; mercury is 0.47 mg per m3; nitrogen oxides are 388 
ppm by dry volume; opacity is 10%; particulate matter is 70 mg per m3; and sulfur 
dioxide is 20 ppm by dry volume40. 
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 2.2.2 Particulate Matter 
 Particulate Matter has a ubiquitous presence in the atmosphere. PM consists of 
all the microscopic solid particles and liquid droplets found suspended in the gas phase. 
Dust, dirt, soot, smoke, pollen, spores and fly ash are all examples of PM41. PM exists 
naturally as ambient PM2.5, other natural sources including fires. Anthropogenic sources 
include construction sites, unpaved roads, smokestacks, and combustion and 
incineration systems41-42. There are three classes of PM based on particulate size: 
coarse (≤10 um), fine (≤2.5 um), and ultrafine (≤0.1 um). Coarse PM has been linked to 
respiratory diseases43 and cardiopulmonary morbidity44 and fine PM is associated with 
cardiovascular mortality45, lung cancer46, and cardiac arrhythmias47. Ultrafine PM is the 
most harmful due to its ability to penetrate deep into the lungs and bloodstream48 which 
causes many adverse health effects49-50. Cardiopulmonary effects linked to PM 
exposure are lung cancer, asthma and COPD, nonfatal heart attacks, irregular 
heartbeat and decreased life expectancy45, 51-53.  
Fly ash is one combustion-derived particulate of interest due to its association 
with toxic air pollutants54. Fly ash forms in the post-flame zone of the incinerator. Fly ash 
emissions are controlled by filters in the flue gas stream. These filters include: grate, 
bag, electrostatic precipitators, and wet precipitators55-56. Electrostatic precipitators are 
the most efficient for collection of all sizes of fly ashes (<0.1 µm – >10 µm)57. Particle 






Table 2.1. Collection efficiency of filters by particle size.58-63 
 PM10 PM2.5 PM0.1 
Fabric Filters 96%-99.2% 96-98.3% 94-97% 
Electrostatic Precipitators 99.9% 99.7% 99.4% 
Cyclone 99% 98% 95% 
HEPA/ULPA 99.97% 99.97% 99.9% 
 
 The composition of fly ash varies widely depending on the incinerator, 
classification of waste, and country regulations. The most common components in fly 
ash are carbon, silicon, aluminum, calcium, chlorine, iron, copper, sodium and sulfur64-65 
(Table 2.2). These components form on fly ash as reactive metal centers, which lead to 
the formation of PCDD/Fs, PAHs and PCBs66-68. 
 
Table 2.2 Composition of major components of fly ash.69-72 
Component Fly Ash 
Al <5% 
Organic C 50-60% 










 Fly ash is usually disposed of into a landfill, which is inefficient and dangerous. 
The toxic components eventually leach into the soil. The environmental issue with 
landfill disposal is primarily the leaching of toxic materials into the surrounding 
environments as mentioned earlier1, 73. In addition to the components mentioned in 
Table 2.2, heavy metals, such as lead, chromium, cadmium and mercury74 are common 
to fly ash. Leaching of these metals is detrimental to the surrounding environment, 
including soil and water, eventually making its way through the food web to humans8-9. 
	 15 
Research into fly ash use in cement, concrete and geopolymers has recently been 
investigated to find an alternative to landfills75-76. Fly ash is hypothesized to enhance the 
quality of concrete by filling in submicron pores to minimize cracking, ultimately 
extending its life77-78. The high concentration of carbon and other minerals is 
hypothesized to help bind the concrete for a stronger hold. Fly ash is also used in 
sintering79 and vitrification80.  
2.3 Environmentally Persistent Free Radicals  
Environmentally Persistent Free Radicals (EPFRs) are long-lived surface bound 
radicals known to form on coarse (<10 um), fine (<2.5um), and ultrafine (<0.1 um) PM81. 
EPFRs are composed of an organic head group bound to a metal-oxide on the surface 
of PM. EPFRs are found in contaminated superfund soils82-83, cigarette smoke84-86, 
clays87 and tar balls88. Additionally, EPFR formation occurs through atmospheric 
reactions between polycyclic aromatic hydrocarbons (PAHs) and ozone89 and is 
enhanced by UV radiation between hematite silica and catechol90. 
EPFRs are typically found on combustion-derived PM, i.e. fly ash and soot. 
EPFR formation characteristically occurs in the cool zone of combustion systems, 
where the temperature drops to between 200-600 °C. The ideal temperature for forming 
EPFRs is 230 °C91. EPFRs form through a series of surface-mediated reactions92-93 
(Scheme 1)81, 93 between a transition metal (iron, copper, nickel, zinc) and organic 
aromatics, including but not limited to, chlorinated phenols or benzenes, catechol, and 
hydroquinone (Figure 2.3). Van der Waals interactions draw the organic aromatic within 
proximity of the metal oxide. This physisorption specifically occurs between the metal 
OH and the organic Cl or OH (represented as X in Scheme 1). Next, the metal oxide 
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bond is formed by a chemisorption which results in the loss of H2O or HCl depending on 
the organic precursor. The radical forms when an electron is transferred between the 
oxygen and the metal center. As a result of the electron transfer from the oxygen, iron, 
copper, and nickel are reduced92-93, while zinc is oxidized94. 
 
Scheme 2.1. General formation of EPFRs from a substituted aromatic and a metal oxide 
[adapted from Balakrishna, 200981]. 
 
The basis of the EPFR stability is not fully understood, however it is postulated 
that the stabilization of the radical by the aromatic ring and distribution of the charge to 
the metal center contributes to the lack of decay by oxidation95 (Scheme 2.1). Other 
plausible explanations include: surface screening; the stabilization between the metal 
center and aromatic ring; inaccessibility of the radical to interact with outside 
components96. EPFR persistence is due to its biological reactivity and will be discussed 
further in the next section. 
EPFRs consist of different radical species and their stability varies with each 
type. The three main types of EPFRs are chlorophenoxyl substituted (CP), semi-
quinone (SQ), and phenoxyl substituted (P). SQ radicals are the most harmful due to 
their toxic effects in biological systems. CP radicals have the longest lifetime, similar to 
P radicals and are less toxic than SQ radicals97. The half-lives of these EPFRs in air can 
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be up to a few months98. EPFRs formed on zinc have the longest half-life ranging from 3 
to 73 days because of the formation of semiquinone species99. Iron was an order of 
magnitude shorter than zinc ranging from 1 to 4.6 days100. Nickel was similar to iron with 
half-lives ranging from 1.5 to 5.2 days91 and copper was the shortest, with half-lives 
ranging from 27 to 74 minutes93.  
 
 
Figure 2.3. EPFR formation with organic aromatics found in combustion systems 




The variety of radical species stems from the precursors in combustion systems. 
In Figure 2.3, EPR spectra for radicals are formed under the reaction of copper oxide 
with six organic compounds representing the different types of EPFR species93.  The 
study presented herein used the precursor, 2-monochlorophenol. For 2-
monochlorophenol, there are two distinct EPFRs that can form: chlorophenoxyl and 
semiquinone (Scheme 2.2)101. The major EPFR produced is the chlorophenoxyl radical 
because the activation energy required to remove the OH in the form of water is less 
than the amount required to remove both the OH and Cl from the aromatic; therefore, 
the minor EPFR produced is the semiquinone radical101. 
	
Scheme 2.2. Formation of EPFRs with 2-monochlorophenol [adapted from Vejerano et 
al. 2011]100. 
 
2.4 Health Effects of EPFRs 
  EPFR persistence allows for secondary reactions to occur causing biological 
harm through the formation of reactive oxygen species (ROS) and environmental 
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concerns as an intermediate to PCDD/Fs102-103. The relationship between PCDD/Fs and 
EPFRs is further discussed in Section 2.5. 
EPFRs are associated with acute104-105 and chronic81, 106 health issues due to 
their free radical nature107-109. Damage occurs through the formation of ROS as EPFRs 
react within the lungs and heart110. ROS include hydrogen peroxide (H2O2), superoxide 
anions, (O2.-), hydroxyl (OH.), hydroperoxyl (HO2.), peroxyl (ROO.), semiquinone (Q.-) 
and alkoxyl (RO.) radicals98. The major ROS produced from these secondary reactions 
with EPFRs include hydroxyl radicals, superoxide anions and hydrogen peroxide111) and 
cause oxidative stress. DNA damage112, decreased cardiac function113-114, increased 
flu115, asthma116, and pulmonary toxicity105 develop as a result. Additionally, EPFRs 
cause cell death and toxicity in endothelial, epithelial, fibroblast and macrophage culture 
systems81, 117-119. 
 Many model studies have shown that the generation of sustained ROS from 
EPFR-containing PM causes cell stress in various ways. Sustained ROS caused 
reduced cell viability and increased levels of lipid peroxidation in neonatal rats exposed 
to fine and ultrafine EPFR-containing PM, respectively105, 119. Further, Repine et al. 
noted animals exposed to high concentration of free radical containing PM had induced 
lung inflammation, oxidative stress markers, and mitochondrial abnormalities120. The 
proposed mechanism for the generation of ROS by EPFRs is shown in Figure 2.486, 118, 
121. In this process, EPFRs deprotonate and reduce oxygen to superoxide. Superoxide 
undergoes a dismutation reaction to form hydrogen peroxide. The metal, i.e. copper or 
iron, reacts via Fenton pathways to form hydroxyl radicals122-123.  
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Figure 2.4. Proposed mechanism for ROS generation from EPFRs [reprinted with 
permission from reference 123121, Copyright 2011 from American Chemical Society]. 
 
2.5 Polychlorinated Dibenzodioxins and Dibenzofurans 
Polychlorinated Dibenzodioxins and Dibenzofurans (PCDD/Fs) are considered 
the most toxic pollutant known to originate from anthropogenic sources such as 
combustion systems124. PCDD/Fs are classified as mutagens125, carcinogens126-127 and 
teratogens128, specifically reduced birth weight and length129. The most toxic congener 
is 2,3,7,8-tetrachlorodibenzodioxin or TCDD124, 130. 
PCDD/Fs are known to form during incineration of municipal solid waste131-132.  
Chlorinated organic aromatics are catalyzed by transition metals to form PCDD/Fs 
during combustion133. The basic structure of PCDDs and PCDFs is shown in Figure 








surface-mediated28, 141-142 reactions. Gas phase formation occurs as condensation 
reactions between precursor derived radicals143. Unlike the gas-phase and surface-
mediated pathways, the de novo pathway does not involve precursors from earlier 
zones but rather involves reactions between carbon, oxygen, and chlorine. The complex 
process has two major steps: chlorination of the carbon and oxidation to liberate the 
PCDD/F144-145. Surface-mediated reactions occur in the cool zone between partially 
decomposed products from earlier zones and transition metal-oxides. Two mechanisms 
have been discovered for PCDD/F formation by surface-mediated reactions: Langmuir-
Hinshelwood and Eley-Rideal28, 146-148 (Figure 2.6).  
As previously discussed, EPFRs are formed from a series of surface-mediated 
reactions between organic precursors and transition metals. Both the Langmuir-
Hinshelwood (LH) and Eley-Rideal (ER) mechanisms146 show the formation of EPFRs 
as an intermediate to PCDD/F formation. For the LH mechanism, two neighboring 
EPFRs undergo a tautomerization reaction and recombine to begin forming a surface 
bound dibenzofuran. The dibenzofuran fully forms from the reaction between two 
EPFRs. The nucleophilic oxygen in the hydroxyl of one EPFR attaches to the aromatic 
ring of the other and then the PCDD is liberated from the surface (Scheme 2.3, top). In 
the ER mechanism, a free monochlorophenol molecule reacts with the EPFR to initiate 
the formation of PCDD. The C-O bonds are formed by the loss of hydrochloric acid to 
make the surface bound dioxin. PCDD forms by desorption and PCDFs form by 
chlorination from the surrounding chlorinated compounds, including hypochlorite 




Scheme 2.3. Formation of DCDF by Langmuir-Hinshelwood mechanism (top) and DD 
(desorption) and PCDD (chlorination) by the Eley-Rideal mechanism (bottom) [adapted 
from Lomnicki 2002]146. 
 
 
For decades, PCDD/F emissions from combustion have been negatively 
affecting our environment and health without efficient control methods16, 149. PCDD/F 
emissions are controlled by the addition of activated carbon into the flue gas to adsorb 
them. Although this is a simple method it is not very effective for reducing the total 
dioxin emissions. PCDD/F emission levels were found to be significantly lower in coal 
production than municipal/industrial waste incineration. The high sulfur content of coal 
was proposed as the cause for the PCDD/F inhibition by Griffin150.  
2.6 Research Objectives 
Many studies have examined the chemical and physical properties of EPFRs on 
transition metals using model systems94, 99, 151. Iron, copper, zinc, and nickel are the 
focus of many studies due to their presence in PM. Since the processes in incinerators 
are complex due to the many types of reactive species, modeling EPFRs is a plausible 
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way to study their formation in a controlled system. Effects from concentration and 
various organic precursors are known to change EPFR types, lifetimes, and biological 
effects91, 93, 99-100. However, a model using more than one metal-oxide has not been 
previously studied. The overarching goal of the work presented here is to closely 
examine the relationship of fly ash composition and EPFR formation by evaluating the 
correlation between the chemical components of fly ash and EFPRs, identifying 
underlying chemical mechanisms of such correlations and identifying potential methods 
for EPFR control.  
First, real world fly ash was thoroughly analyzed by many spectroscopic 
techniques to obtain as much characterization information as possible. X-ray 
photoelectron spectroscopy (Chapter 3.4) was performed to determine the elemental 
composition of the surface. EPFRs form through surface-mediated reactions, so any 
change in the surface can influence EPFR formation. X-ray diffraction (Chapter 3.9) was 
used to determine any crystalline structures in the ashes. Scanning electron microscopy 
(Chapter 3.8) with energy dispersive x-ray spectroscopy was performed to determine 
the morphology of the ash particles. Energy dispersive x-ray spectroscopy was used to 
identify and map the location of the elemental composition on the surface (Chapter 3.8). 
X-ray fluorescence (Chapter 3.6) and inductively coupled plasma-atomic emission 
spectroscopy (Chapter 3.7) were used to determine the bulk composition of the ashes. 
Synchrotron radiation was used to measure x-ray absorption near edge structure 
(Chapter 3.5) to determine the sulfur speciation. In addition, transmission electron 
microscopy (Chapter 3.10) was performed to determine the morphology of the particles. 
Electron paramagnetic resonance spectroscopy (Chapter 3.3) was used to detect the 
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organic radicals, EPFRs, present in the ashes.  It was suspected that all real ashes 
contain EPFRs and high amounts of iron and copper as previously found. However, the 
results presented in Chapter 4 show a set of ashes containing high amounts of calcium 
and sulfur that may have influenced EPFR formation. We hypothesized that EPFR 
formation can be inhibited through exposure to sulfur compounds in a similar manner to 
PCDD/Fs because of their intermediate relationship. 
Second, surrogate ashes were made to further examine the effect of sulfur, both 
solid and gaseous, in a mixed metal system. While single-metal oxide systems are 
important to understand the effects on EPFRs, they inaccurately describe the 
environment of a real world incinerator. The inorganic composition of the models was 
based on the concentrations found in the real world ashes. A novel mixed metal model 
system containing iron, copper, magnesium and zinc was developed for this study. 
Three EPFR-active metals were used to create the model system to address the effects 
of sulfur on EPFR formation (Chapter 5). The ability of sulfur to inhibit EPFRs was 
examined using both ammonium sulfate and sulfur dioxide. 
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CHAPTER 3: METHODS 
 The real world fly ash collection data, surrogate particle formation method, and 
characterization techniques used in the present studies are outlined in this chapter. 
Theory, experimental procedures, and parameters are explained for all techniques. 
3.1 Real World Fly Ash 
3.1.1 Municipal Waste Incinerator Fly Ash Collection 
Fly ashes from municipal waste incinerators (MWI) were collected from the 
following eastern and southeastern cities of the People’s Republic of China: Bingjiang, 
Ding Hu, Ning Bo, Xiao Shan and Yuhang (Figure 3.1). All ashes were collected in grate 
or bag filters for one month by local researchers and used promptly upon receipt to 
minimize radical decay. The composition of the waste burned to produce the MWI ashes 
is unknown. 
	
Figure 3.1. Source of incinerator ashes used in this study from cities in Southeast China.  
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3.1.2 Medical Waste Incinerator Fly Ash Collection 
Fly ashes from medical waste incinerators (MEDWI) were collected from a burn 
site at the United States Environmental Protection Agency (U.S. EPA). All ashes were 
collected over a period of one month and used shortly after receipt to minimize radical 
decay. The composition of the MEDWI ashes consisted of 67% animal bedding, 25% 
pathological lab waste, 4% animal carcasses, 3% non-hazardous chemicals and 1% 
medicinal waste.  
3.1.3 MEDWI and MWI ash Treatment 
MEDWI ashes were freeze dried upon receipt for 72 hours (to dry the particles) 
then EPFRs were measured using EPR spectroscopy as described in Section 3.2.1. The 
MWI ashes were received as dry particles and no further treatment was necessary. For 
MEDWI ashes, EPFR decay was measured over a period of one year. Initially, 
measurements were taken every hour until the concentration stabilized. As the 
concentration decreased, measurements were decreased to once per day and once per 
week.  
3.2 Surrogate Fly Ash and EPFR Formation 
3.2.1 Surrogate Fly Ash Formation 
Surrogate ashes were made using the incipient wetness method (Figure 3.2)1.  The 
desired metal nitrates (Table 3.1) were impregnated on cab-o-sil (Cabot 99%, EH-5), 
mixed with water and left to adsorb at room temperature for 24 hours. The surrogate 
ashes were then dried in an oven at 120 °C for 6 hours. Once completely dry, the 
surrogate ashes were crushed and sieved with a 60 µm diameter sieve to get uniformly 
sized particles. Finally, the surrogate ashes were calcined in a furnace at 450 °C for 5 
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hours to remove any carbonaceous material and to fully oxidize the metals for surface 
activation in preparation for EPFR exposure. Final metal concentrations of 5% iron, 0.1% 
copper, 2% magnesium, and 2% zinc were achieved in all surrogate ashes. Some 
surrogate ashes were also impregnated to achieve final concentrations of 30% calcium 
and/or 10% sulfur (Table 3.1). Surrogates were stored in an airtight container to minimize 
atmospheric exposure and decay1. 
 
	
Figure 3.2. Incipient wetness method diagram. 
 
Two types of surrogate ashes were synthesized as indicated by the prefix “B” and 
“P” (Table 3.1). “B” type surrogate ashes were simultaneously co-impregnated with 
metals and calcium and/or sulfur, requiring only a single iteration of the incipient wetness 
method, as described in Figure 3.2. “P” type surrogate ashes were sequentially co-
impregnated with metals then impregnated with calcium and/or sulfur precursors. This 
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involved subjecting the “P” type surrogate ashes to the incipient wetness method, 
described in Figure 3.2, twice: the first instance included mixed metal nitrates and the 
second included calcium and/or sulfur precursors. The calcium and sulfur additions in 
both “B” and “P” type surrogates mimic lime injection treatments in the post-flame zone 




Figure 3.3. Custom vacuum chamber used for EPFR formation [reprinted with permission 
from reference4 4, copyright 2011, American Chemical Society]. 
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3.2.2 EPFR Formation 
EPFRs were formed on the surrogate ashes using a custom vacuum chamber 
setup (Figure 3.3)4. 2-monochlorophenol (MCP, 99.99% purity, Sigma-Aldrich) was used 
as an organic precursor for exposure studies. The surrogate ashes were heated to 450 
°C under vacuum for 1 hour to re-activate the surface by removing any organics or water 
that may have attached to the surface. After activation, the ashes were dosed with the 
organic vapors at 230 °C and vapor pressure conditions for 5 minutes. After the organic 
exposure, surrogate ashes were cooled to 70 °C under vacuum to remove any non-
chemisorbed MCP vapors, leaving behind only surface-bound EPFRs1. 
3.2.3. Sulfur Dioxide Exposure 
The mixed metal surrogate ash, MM, was exposed to sulfur dioxide in a custom 
vacuum chamber (Figure 3.3). The introduction of sulfur dioxide was performed in three 
ways: pre-organic exposure, post-organic exposure and simultaneously for competitive 
absorption. For the pre-organic exposure, sulfur dioxide was introduced into the system 
after the aforementioned (Section 3.2.2) surface activation step. Sulfur dioxide was 
introduced for 10 seconds and then left to react with MM for 10 minutes at atmospheric 
pressure. Next, the sulfur dioxide doped MM surrogate ash was exposed to MCP vapors 
and left to react as described above in Section 3.2.2. EPR measurements were taken 
immediately after both the sulfur dioxide exposure and after the MCP exposure. For the 
post-organic exposure, EPFRs were first formed on MM as described above then 
exposed to sulfur dioxide in the same conditions mentioned earlier. EPR measurements 
were taken immediately after both the MCP exposure and the sulfur dioxide exposure to 
determine any changes. For the competitive absorption, sulfur dioxide was introduced as 
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MCP vapors were heated into the system. The pressure was brought up to atmospheric 
then decreased as reactions occurred. Once the pressure dropped, sulfur dioxide and 
MCP were introduced simultaneously again to ensure a high enough concentration 
reached the particles. EPR measurements were taken after the vessel cooled under 
vacuum for 30 minutes to determine any changes from the baseline (MM). 
3.3 Electron Paramagnetic Resonance Spectroscopy 
3.3.1 Basics of EPR Spectroscopy 
Electron Paramagnetic Resonance (EPR) is a sensitive spectroscopic technique 
used to study materials with unpaired electrons including metals, defects in crystals and 
free radicals5. EPR is an attractive technique commonly used for detecting free radicals 
because it requires a small sample size, it is non-destructive and is highly sensitive in 
detecting an unpaired electron5-6. All of these attributes were key to examining 
particulates in this study.  
EPR detection operates based on the principle of the Zeeman Effect. An unpaired 
electron can have an angular spin momentum (Ms) of +1/2 or -1/2. The energy of a “spin-
only” system can be defined as Equation 3.1, where E is the energy, g is the g-factor, or 
splitting factor, µ is the Bohr Magnetron constant (9.2741 x10-21 erg/ gauss)5, 
and B is the applied magnetic field strength. Thus, ∆E has two possible values, ±1/2gµ0B0, 
also referred to as Zeeman energies5. The separation between Zeeman energies is 
directly related to the applied magnetic field (Figure 3.4). 
E = #$%&'																																																				Equation 3.1 
	 48 
	
Figure 3.4. The Zeeman Effect. 
 
As the magnetic field increases, the separation increases. EPR detects the 
transition of an unpaired electron between these two Zeeman levels. The transition is 
induced when the photon energy, ℎν, matches the energy-level separation, ∆E, as shown 
in Equation 3.2, where h is Planck’s constant, v is the appropriate frequency in Hertz, and 
B0 is the magnetic field where resonance is found.  
 
 The spectrum generated from the detection of the Zeeman transition is the first 
derivative. The normalized absorption spectrum (integral) is used to determine the g-
factor. Together, the first derivative and normalized absorption spectra give insight into 
the type of paramagnetic species present. The g-factor is a characteristic parameter, 
independent of the electromagnetic field, used to distinguish between paramagnetic 
species as defined in Equation 3.3 (derived from Equation 3.2).  A free electron has a g-
∆E = hν = #$%-																																																				Equation 3.2 
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factor of 2.00232. Many free radicals and transition-metals ions have a g-factor of ~2.
 
The line shape of a sample is usually described as Gaussian or Lorentzian. Most single 
species spectra look like Lorentzian curves; a Gaussian shape is indicative of multiple 
species5.  
 A custom vacuum reactor cell was used for both the dosing exposure and EPR 
measurement. The reactor cell (Figure 3.3) has both the dosing cell and suprasil quartz 
tube attached in a perpendicular arrangement. The reactor cell was kept under vacuum 
for the measurement to minimize radical decay. Sample size per trial ranged from 20-100 
mg. The parameters used for EPR measurements used for this study are described in 
Table 3.2.  
 
3.3.2 EPFR Concentration Calculation 
The spins per gram were calculated from the EPR spectrum. EPFR concentration 
was reported in spins per gram sample measured. Concentration was normalized to a 
widely used standard, 2,2-diphenyl-1-picrylhydrazyl (DPPH) using Equation 3.45. The 
spins from the sample are calculated from the spectra using Equation 3.4a, where  ∆./0/ 
is the distance between peaks using the first derivative spectrum (in gauss) and the 
# = 12345																																																		Equation 3.3 































intensity is the area under the curve using the second derivative spectrum (or using the 
maximum for both peaks in the first derivative spectrum). The spins calculated in Equation 
3.4a are used in Equation 3.4b. The slope results from the calibration curve of increasing 
µL concentrations of DPPH in the units, spins/µL. The next four terms normalize the spins 
to DPPH using its density and molar mass, and Avogadro’s number. For a given sample, 
the gain, number of scans, and power are kept the same as DPPH, if allowed, making 
each of these terms 1; the values are listed in Table 3.2. Finally, the number of calibrated 
spins is divided by the mass of the sample (mg) used in the measurement to get the 
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3.4 X-ray Photoelectron Spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic technique used to 
study the elemental composition, chemical state, electronic state, and binding energy on 
the surface (1-10 nm) of materials7-8. XPS output gives critical information on surface 
speciation and is highly effective in studying airborne particulates since EPFRs are 
surface bound radicals. Any changes to the surface composition, e.g. a change in the 
oxidation state or formation of a new species, can potentially lead to a change in EPFR 
formation.  
Photoelectron spectroscopy is based on the photoelectric principle, which states 
that when an x-ray (photon) hits a surface, an electron is excited to a higher energy level 
and creates a core hole7, 9-10. Excitation can occur in two ways: x-ray absorption or 
electron emission (Figure 3.5).  
 
Figure 3.5. Jablonski diagram of electron excitation (absorption) and relaxation 
(fluorescence). 
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Both processes liberate electrons from different electronic shells of molecules7. 
The manner in which these electrons are ejected depends on the photon energy (hv), 
which will determine if the ejected electrons are absorbed by the fermi-level or ejected as 
free electrons. Photoelectron spectroscopy uses a constant photon energy, hv, while x-
ray absorption measures the x-ray beam as a function of the frequency, ν. In principle, 
the only difference between the generated spectra is that broader peaks are observed for 
x-ray absorption due to the many possible electron states in the conduction band7. X-ray 
absorption will be discussed further in the Section, 3.5.  
Photoelectron spectra are a direct image of the orbital structure of the element of 
interest because the constant photon energy used defines the “free electron” energy; as 
a result, all elements are observed with similar intensity7.  Relaxation can occur as two 
competing processes: x-ray fluorescence and auger emission11. Fluorescence relaxation 
is the process by which a core hole is filled in by an electron at a higher energy resulting 
in the emission of an x-ray photon (Figure 3.5). Fluorescence is the dominant relaxation 
mode in heavier elements12. Auger relaxation fills the core hole with a higher energy 
electron and releases a secondary photoelectron11, while still generated an absorbance 
peak analogous to fluorescence. Auger emission usually occurs with lighter weight 
molecules, and originates within the first three nanometers of the surface13. 
XPS measures the velocity of emitted photoelectrons to determine the binding 
energies of molecules near the surface of materials7. As a monochromatic x-ray beam 
(photon) hits the sample surface, electrons from an inner shell (K, L) are emitted with 
kinetic energy (Ek), corresponding to the known photon energy (hv), as stated in Equation 
3.510, which is unique for each atomic shell. In Equation 3.5, Eb is the binding energy, hv 
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is the photon energy of the x-ray beam (known), Ek is the kinetic energy, and w is the 
work function for the XPS, which corrects for the environment surrounding the emitted 
electron7.  
 
The spectra generated by XPS are composed of single sharp peaks corresponding 
to different binding energies of the molecules in each sample. The two types of spectra 
obtained for this study were survey and high resolution. The survey represents a near-
complete profile of all species on the surface for each sample from 0-1200 eV (binding 
energy). The high resolution (HR) scans were taken at ranges specified by binding 
energies from the NIST database (Table 3.3). The HR scans were determined by the 
survey and taken to get a more accurate representation of specific elements in samples. 
The parameters used for each measurement are outlined in Table 3.3. The step size 
corresponds to the number of points per scan, increasing the resolution at smaller values. 
The dwell time represents the time spent at each point during a scan. A longer dwell time 
increases the resolution, but can drastically increase the time per scan. The pass energy 
is related to the slit width and is higher for the survey scan in order to optimize the signal 
to noise ratio while collecting the complete surface profile. 
Samples were pressed into a ~1 mm pellet and mounted on carbon tape to 
minimize any background detection. Measurements were taken on a Kratos/AXIS 165 
XPS/AES using a mono-Al beam. Data analysis was performed using CasaXPS, for peak 
ID and Kratos software for baseline corrections. 
 
\` = ℎa − \c − X																																																				Equation 3.5	
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3.5 X-ray Absorption Near Edge Structure 
Synchrotron radiation is highly desired because its unique properties open the door 
to many techniques that could not be accomplished otherwise. Synchrotron radiation 
provides a platform of high intensity light over a wide spectral range, allowing for a broad 
range of data collection at low concentrations and energies. The beam from synchrotron 
radiation has a small divergence. This has allowed for improvement and creation of 
multiple beamline designs for X-ray Absorption Spectroscopy (XAS) without 
compromising the quality of the beam and resolution of spectra. Lastly, Synchrotron 
radiation has strong and predictable polarizability. Polarization can be tuned to study the 
electronic structure in systems with low symmetry9. 
X-ray Absorption Near Edge Structure (XANES) is a type of advanced XAS that 
requires synchrotron radiation to study the electronic structure, chemical bonding, and 
oxidation of species in the bulk of materials12, 14. XANES focuses on transitions from the 
Table 3.3. XPS measurement parameters. 




(msec) # of Scans 
Pass Energy 
(eV) 
Survey      
All 0-1200 0.5 100.0 1 80 
High Resolution      
Magnesium (Mg) 42-62 0.1 372.2 2 40 
Silicon (Si) 93-110 0.1 458.0 2 40 
Sulfur (S) 156-174 0.1 425.5 2 40 
Chlorine (Cl) 193-210 0.1 100.0 2 40 
Carbon (C) 275-302 0.1 259.7 2 40 
Calcium (Ca) 339-357 0.1 425.5 2 40 
Oxygen (O) 523-545 0.1 100.0 2 40 
Iron (Fe) 700-742 0.1 157.5 2 40 
Copper (Cu) 926-972 0.1 142.5 2 40 
Zinc (Zn) 1015-1059 0.1 100.0 2 40 
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electron edges (K, L, and M) in elements ranging from aluminum to lead. Since each 
element’s electron edges (K, L, and M) have a characteristic kinetic energy, XANES 
measurements can probe a single element in complex samples with minimal sample 
preparation.  
 
In XAS, the transmitted absorption follows Beer’s law (Equation 3.6a), where I is 
the transmitted intensity, I0 is the incident beam, µE is the energy-dependent X-ray 
absorption coefficient and t is the sample thickness15. The absorption edge is defined as 
the sudden increase in the absorption coefficient (µE) [shown in Equation 3.6b, d is the 
target density, Z is the atomic number, m is the atomic mass and E is the photon energy] 
due to the creation of a core hole from the photon energy equaling or exceeding the 
binding energy of a core electron15. The absorption coefficient is inversely related to the 
photon energy. As stated in Section 3.4 the fundamental principle involved is the 
photoelectric effect7. Above the absorption edge energy, x-ray fluorescence or auger 
emission correspond to the energy difference as the core hole is filled15. 
The XANES spectrum generated consists of the pre-edge region, the absorption 
edge, and the post-edge region (also called extended x-ray absorption fine structure, 
EXAFS). The samples in this study were in low concentration, therefore usable EXAFS 
data were not obtained. The pre-edge can have features affected by the symmetry and 
give insight to structural information in the sample. The absorption edge peaks (white 
lines) result from strong transitions, usually 2p to nd for metal and rare earth systems13, 
to final states near the absorbing atom. The peaks are sensitive to chemical bonding, the 
d = d->03ef 																																																	Equation 3.6a 
µE	~	 hijklm	                                                              Equation 3.6b	
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oxidation state, and the three-dimensional structure surrounding the absorbing atom. 
Multiple scattering of excited electrons allows for the sensitivity to the detailed spatial 
arrangement of neighboring atoms with the absorbing one15. As a result, shifts in the 
absorption edge will occur accordingly. The features above the absorption edge are called 
shape resonances. Shape resonances result from strongly localized and directional 
states found in diatomic molecules and are characteristic for each molecule13.  
 
Table 3.4. XANES measurement parameters. 
 Pre-edge 
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For sulfur K-edge XANES measurements, samples were prepared as a thin layer 
on Kapton tape then capped with mylar plastic16. Kapton tape and mylar plastic were used 
because absorption does not occur in the region of sulfur, therefore there was no 
background interference. A XANES measurement can be taken in two ways: transmission 
or fluorescence mode. Transmission mode is a direct calculation of Equation 3.6a and 
has many advantages over fluorescence mode. Measurements usually take less time due 
to the detection of current in the ion chamber rather than detecting photons for 
fluorescence mode15. However, transmission requires concentrations greater than 10%. 
Fluorescence mode was used due to the low concentration of sulfur in the samples.  
Measurements were taken at a reduced pressure of 42 Torr at the Low Energy X-ray 
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Absorption Spectroscopy (LEXAS) beamline at the Center for Advanced Microstructures 
and Devices (CAMD) in Baton Rouge, LA. The parameters used for the measurement 
are listed in Table 3.4. The edge region (Table 3.4) was taken at a smaller step size to 
obtain high resolution and define all features around the edge energy. The dwell time was 
extended and the number of scans was increased to improve the signal to noise ratio of 
the spectrum. The beam energy was 2700 to ensure proper excitation at the sulfur K-
edge, 2470 eV. 
	
Figure 3.6. LEXAS beamline schematic. 
 
A schematic of the LEXAS beamline is shown in Figure 3.6. Synchrotron light is 
focused first into the optics hutch, which houses the monochromator and the 
bremsstrahlung shutter. Since the LEXAS beamline is using low energy for its 
measurements, the synchrotron light must constantly hit the crystal in the monochromator 
to prevent defect expansion and resulting noise in the spectrum. The bremsstrahlung 
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shutter provides protection from high energy x-rays that can occur, especially when the 
beam is emptied. Next, the light enters the experimental hutch, where it hits the first 
ionization chamber, I0, then hits the sample and second ionization chamber, I. The 
resulting absorption is detected at a 90° to minimize background scattering.  
For iron K-edge XANES measurements, samples were similarly prepared on a 
longer piece of Kapton tape that was folded 2 or 3 times, depending on the iron 
concentration, to achieve the appropriate thickness for optimal measurement. Optimal 
thickness creates a layer thick enough to get an iron signal greater than the beam signal 
for the best resolution. Measurements were taken in fluorescence mode at the High 
Energy X-ray Absorption Spectroscopy (HEXAS) beamline at the CAMD in Baton Rouge, 
LA. The parameters for each measurement are listed in Table 4.4 and applied similarly 
as described for the sulfur K-edge measurements above. The beam energy used was 
7400 eV to ensure proper excitation at the iron K-edge, 7113 eV. 
	
Figure 3.7. HEXAS beamline schematic. 
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 A schematic of the HEXAS beamline is shown in Figure 3.7. Synchrotron light is 
first narrowed and focused through the monochromator. The monochromator is 
constantly cooled to avoid crystal degredation. Next, the light is focused into the first 
ionization chamber, I0, hits the sample at 45° in the second ionization chamber, I. The 
resulting absorption is also detected at 90° to minimize background scattering. 
3.6 X-ray Fluorescence 
X-ray fluorescence (XRF) is a spectroscopic technique used to study the bulk 
composition of materials in solid and liquid states. As described in Section 3.4, x-rays 
excite and eject a core shell electron, leaving a vacancy to be filled by a higher energy 
electron. As this occurs an x-ray photon is released and detected during the XRF 
measurement. Each electron transition is unique to its element, making it possible to 
identify multiple components in the bulk of a given material. 
XRF measurements taken using synchrotron radiation have the advantage of 
better resolution and shorter experiment length over a wide spectral range. XRFs have 
recently advanced to tabletop and handheld devices. These are beneficial for field work 
and small sample sizes but lack the spectral range capable with synchrotron radiation.  
Sample preparation is the same as described in Section 3.5 because the XRF 
spectra were collected at the same time as XANES at the sulfur K-edge on the LEXAS 
beamline. The parameters used for the measurements are listed in Table 3.5.  
 
Table 3.5. XRF measurement parameters. 
 Length (min.) Range (KeV) Energy of beam (eV) 
Medicinal 3 1-5 3000 Municipal 
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3.7 Inductively Coupled Plasma-Atomic Emission Spectroscopy 
 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) is a 
powerful technique used to study the elemental composition of materials. ICP-AES is 
desirable for multi-component analysis because it provides high resolution data for many 
elements at low concentrations11. 
 In ICP-AES, elements in the sample are first atomized by the plasma in the ICP, 
and then ultra-violet absorption is measured using AES. In AES, electronic transitions are 
determined by measuring the energy of emitted photons from excited electrons as they 
return to the ground state11.  
The spectrum produced by ICP-AES consists of a profile of emission absorption 
peaks. Ideally, the peaks are narrow due to the fast relaxation of the excited electrons. 
However, broadening of the peaks can occur for several reasons: the uncertainty 
principle, the Doppler effect, pressure effects due to energy level increases from collisions 
between emitted atoms or ions, or the Zeeman effect (Section 3.3.1).  
 Samples were digested in a CEM Mars 5 microwave reaction system prior to ICP-
AES analysis. Samples (~100 mg) were digested in a 1:1:3:5 ratio solution of nitric acid 
(HNO3), hydrofluoric acid (HCl), hydrochloric acid (HF), and water (H2O), respectively. HF 
was used to ensure that the aluminosilicates were fully digested in the real-world fly ash. 
A standard containing the same ratio of solutions was run with every sample. Microwave 
digestion was started by ramping the temperature up to 200 °C for 10 minutes then 
holding at 200 °C for 60 minutes with 800 W power. Once samples were digested, ICP-
AES measurements were performed on a Spectro Ciros ICP-AES.  
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3.8 Scanning Electron Microscopy with Energy Dispersive X-ray Absorption 
Spectroscopy 
 
Scanning Electron Microscopy (SEM) is a technique commonly used to capture 
high resolution images of the external morphology of materials. SEM creates an image 
by raster scanning the surface, which collects position information by exciting electrons 
in the x-, then y-direction until the image is captured11. Energy Dispersive X-ray 
Absorption Spectroscopy (EDAX or EDS) provides surface elemental composition by 
taking advantage of the relaxation process (XRF, described in Section 3.6) of excited 
electrons from the SEM beam11. In addition to elemental composition, EDS software can 
produce an elemental map, highlighting where each element is on the surface. Both of 
these were useful for imaging the particulates in this study. 
Samples were pressed into a ~1 mm pellet and mounted on carbon tape to prevent 
background interference. Images were taken by a JEOL SEM at 20 kV with magnifications 
between 10000X and 100000X. EDS mapping was performed for 15 minutes, over one 
entire image. Elements of interest were copper, iron, zinc, calcium, sulfur, oxygen, 
magnesium, and aluminum.  
3.9 X-ray Diffraction 
X-ray diffraction (XRD) is a technique used to determine the crystalline structure(s) 
in materials. XRD detects x-ray scattering as a result of the interaction between x-rays 
and the electrons in materials by both constructive and destructive interference. The 
ordered environment of a crystal puts the distance between the scattering centers on the 
same order of magnitude with radiation wavelength, resulting in diffraction. Bragg’s 
Equation (Equation 3.7) describes the angle of incidence for constructive interference; all 
other angles produce destructive interference. In Equation 3.7, n is a positive integer, n 
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is the wavelength of the incident wave, d is the interplanar distance in the crystal and o is 
the angle the x-ray hits the crystal. 
 
Samples were used as powders and loaded into sealed vessels for the 
measurement. Measurements were taken on a PANalytical XRD using a rotational 
spinner stage for 30 minutes over the range of 20-40º. 
3.10 Transmission Electron Microscopy 
 Transmission Electron Microscopy (TEM) is an imaging technique similar to SEM 
(Section 3.8) that produces high resolution images of the internal structure of materials11. 
TEM is one of the most efficient and versatile instruments for characterization of 
nanomaterials with spatial ranges 1 nanometer to a few hundred microns17. One desirable 
trait of TEM is the extremely high resolution defined in Equation 3.817, where n is the 
radiation wavelength and E is the energy of electrons (related to the de Broglie 
wavelength).  
 
 A TEM image is collected by focusing an electron beam on the grid and measuring 
the excitation of the electrons that pass through the sample. Thin or transparent samples 
are ideal because thick samples can absorb the electrons through scattering and in turn 
decrease the quality of the image17.  
Samples were put into a solution prior to TEM imaging. The ashes were suspended 
in ethanol (1 mg/mL) then sonicated for 5 minutes to ensure dispersal of the metal 
particles. One drop of the solution was placed on a copper coated carbon TEM grid (300 
<n = U?;<o																																																																Equation 3.7 
n = p.99lq/s                                              Equation 3.8 
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mesh) and dried completely. Images were taken on a JEOL 120k TEM at varying 
magnifications between 800X to 10000X. ImageJ was used for image analysis, 
specifically to determine the size of the particles. 
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CHAPTER 4: REAL WORLD FLY ASHES 
The current model used for understanding the metal contributions from PM to 
EPFRs consists of single metal oxide systems. Single metal oxide systems are 
advantageous due to the simplistic composition. This model allows us to extensively study 
the effects from each metal-oxide individually however, it is not representative of real-
world fly ashes, which are a more complex matrix composed of many metal-oxides. The 
study presented in this chapter helps to improve the current EPFR formation model by 
building a more complex system based on the characterization of Real World Fly Ash 
(RWFA). RWFA were obtained from municipal and medical incinerators to analyze 
correlation between their composition and EPFR formation. The surface composition, 
bulk composition and crystalline structure were analyzed and imaged using the 
spectroscopic techniques of XPS, SEM-EDS with mapping, ICP-AES, XRF, TEM, and 
XRD, described in Chapter 3. The results presented here describe the compositional 
changes between multiple incinerator ashes and corresponding EPFR concentrations. 
Based on the results of this chapter, surrogate ashes were created to incorporate the 
components most important to EPFR formation. They are discussed in the next chapter. 
4.1 EPFR Variability in Real World Fly Ashes 
As discussed in Chapter 2, combustion-derived PM, including fly ash and soot, 
have previously shown a ubiquitous presence of EPFRs1-3. In this study, EPFR 
concentrations of RWFA from medical and municipal waste incinerators were measured 
using EPR spectroscopy (see Chapter 3.3). The EPFR decay was measured over a 
period of three months for EPFRs in medical waste incinerator ash 1 (MEDWI ash 1) and 
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medical waste incinerator ash 2 (MEDWI ash 2) shown in Figures 4.1 and 4.2 
respectively.  
The decay of the MEDWI ashes is shown in Figure 4.3 and Table 4.1. For MEDWI 
ash 1 EPFR concentration decreased significantly between 24 hours and five and a half 
weeks. After the five and a half week period, the concentration did not change anymore. 
For MEDWI ash 2, the largest drop in concentration occurred during the first month. After 
four and a half weeks, the concentration reached a plateau.  
	
































Figure 4.2. MEDWI ash 2 EPFR decay measured over three months. 
 
The g-value was comparable for both MEDWI 1 and 2 (Table 4.1) as evidenced by 
the g-value ranging from 2.0028-2.00305 and 2.00267-2.00299, both MEDWI ashes have 
carbon-centered radicals. Further evidence to support the presence of carbon-centered 
radicals is the small ∆Hp-p, the width of the absorbance peak. Broad peaks, >7-8 gauss, 
form due to the absorption of multiple radical species. For both MEDWI ashes, the ∆Hp-p 
is less than 5 gauss suggesting the presence of one radical type. MEDWI ash 2 has a 






























Table 4.1. MEDWI ashes EPFR decay concentration and g-value over three months. 
 MEDWI ash 1 MEDWI ash 2 







Initial (0 hour) 2.0029 3.330 3.26 x1015 2.0029 2.497 3.75 x1015 
24 hours 2.0029 3.448 2.82 x1015 2.0027 4.126 1.83 x1016 
5 days 2.0031 2.999 1.61 x1015 2.0030 1.457 2.11 x1014 
1 week 2.0029 3.549 9.32 x1015 2.0029 3.448 2.02 x1016 
2 weeks 2.0030 3.598 2.75 x1015 2.0028 3.448 1.50 x1016 
3.5 weeks 2.0030 2.699 9.86 x1014 2.0030 3.226 1.43 x1016 
4.5 weeks 2.0030 3.322 1.40 x1015 2.0029 3.059 1.34 x1016 
5.5 weeks 2.0030 2.238 4.32 x1014 2.0029 3.133 1.27 x1016 
6.5 weeks 2.0030 2.417 4.67 x1014 2.0030 2.865 1.02 x1016 
8.5 weeks 2.0030 2.238 3.81 x1014 2.0029 3.044 1.19 x1016 
10 weeks 2.0030 2.076 2.61 x1014 2.0030 3.044 1.11 x1016 
11 weeks 2.0030 2.507 6.25 x1014 2.0030 3.133 1.19 x1016 
3 months 2.0030 2.865 1.41 x1015 2.0029 2.865 1.10 x1016 
 
 
Figure 4.3. EPFR decay for MEDWI ashes. 
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Surprisingly, no EPFR signal was detected in any municipal waste incinerator 
(MWI) ashes (Figure 4.5, left). Few scenarios can be proposed to explain the absence of 
EPFRs. First, EPFRs are indeed not present in the MWI ashes. Secondly, the presence 
of paramagnetic species can affect the magnetic field, which in turn changes the tuning 
of the EPR. Iron, copper and manganese are examples of paramagnetic metals4-6 and at 
high concentrations interference can happen and change the way a sample is measured. 
The EPR spectra of the metal region for MWI ashes is shown in Figure 4.4. There is a 
strong signal centered around g-value = 2, indicative of a strong metal presence, most 
likely iron, copper or calcium. The angled baseline of MWI ashes (Figure 4.5, left) is 
characteristic of a paramagnetic metal species present due to the fact that organic 
radicals are detected in a narrow region of the metal signal. 
 
Figure 4.4. EPR spectra of MWI ashes showing the presence of paramagnetic species. 
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Figure 4.5. EPR spectra for MWI ashes (left) and a comparison for all RWFA (right). 
 
To account for the high concentration of paramagnetic metals, EPR measurements 
for MWI ashes were taken using a sample mass 10 fold lower than normal. Thus, the 
EPFRs could be present on the MWI ashes but below the EPR detection limit. An overlay 
of the EPR signal for MEDWI and MWI ashes is shown in the right Figure 4.5. MEDWI 
ash 2 has the highest concentration of EPFRs, followed by MEDWI ash 1. The lack of 
EPFR detection in MWI ashes was unusual and provided an opportunity to extensively 
explore the composition through characterization as discussed in the next section.  
4.2 Compositional Changes Between Real World Fly Ashes 
4.2.1 Thermal Characterization 
All RWFA (100 mg) were thermally treated at a low temperature of 500 °C to burn 
off any carbonaceous material. RWFA were also treated at a high temperature of 800 °C. 
The difference in mass loss between the low and high temperatures (Figure 4.6) provides 
























material will burn off up to 450 °C7. The degradation of inorganic compounds, such as 
calcium carbonate at 700 °C, iron(II) sulfate and zinc sulfate at 680 °C8-9, and iron(III) 
sulfate at 750 °C10, occur between 500 °C and 800 °C. MEDWI ash 1 (Figure 4.6) was 
the only ash to have inconsistent results, with the average indicating that more material 
burned off at 500 °C compared to 800 °C. MEDWI ash 1 was non-homogenous with clear 
separation of compositional fractions, carbon (black particles) and other metals (light gray 
particles). If only carbonaceous ash was used for one or more of the trials then there 
would be a negligible change in the difference in mass loss between the two temperatures 
due to only losing the carbon material at both temperatures.  
	
	
Figure 4.6. The difference in total mass loss of MEDWI and MWI ashes between high and 
low temperature thermal treatment. 
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MWI ashes 1 and 3 had the largest difference in mass loss between temperatures, 
suggesting degradation of inorganic compounds at the higher temperature. Possible 
inorganic compounds to explain the difference in mass loss between temperatures are 
presented in the next section. The inorganic compounds were determined for both the 
bulk and surface of the ashes.   
 4.2.2. Bulk Characterization 
4.2.2.1 Bulk Composition 
 Bulk composition provides insight into the overall composition of RWFA. The bulk 
composition is essential to identify the correlation of fly ash components to EPFR 
formation. The comparison of the bulk composition to the surface composition is key in 
figuring out the mechanisms by which the compounds form. The surface composition is 
described in the Section 4.2.2. The chemical composition of RWFA was determined by 
ICP-AES, XRF, and XRD. ICP-AES and XRF provide elemental composition by 
digestion/vaporization (Chapter 3.7), and x-ray excitation and detection (Chapter 3.6), 
respectively. XRD determines crystalline structures or lack of such (Chapter 3.9). 
 
Table 4.2. ICP-AES data reported in % (w/w). 
Sample Ca Cu Fe Mg Mn P S Zn 
MEDWI ash 1 10.15 0.01 0.22 1.02 0.08 2.98 0.25 4.37 
MEDWI ash 2 11.79 0.15 0.23 1.12 0.1 2.2 0.27 6.54 
MWI ash 1 25.5 0.05 0.9 2.0 0.04 0.3 3.1 0.60 
MWI ash 2 10.4 0.13 4.5 1.3 0.11 1.1 1.5 0.50 
MWI ash 3 23.4 0.03 1.3 1.0 0.05 0.5 1.8 0.25 
MWI ash 4 17.4 0.08 1.8 2.2 0.08 0.9 3.4 0.66 
MWI ash 5 8.6 0.07 4.0 1.2 0.1 0.9 1.3 0.36 
MWI ash 6 9.9 0.16 3.4 1.3 0.09 1.1 1.3 0.48 
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 The elemental composition (Table 4.2) of both MEDWI and MWI ashes showed 
low concentrations of copper and manganese, and similar concentrations of magnesium. 
Although expected in real world fly ashes, aluminum and silicon were not reported due to 
the inconsistency of the results. MEDWI ashes contain higher amounts of zinc (4-7% vs. 
<0.7%) and phosphorus (2-3% vs. ≤1%) compared to MWI ashes. MWI ashes have a 
broader range of calcium concentrations (8-25%) compared to MEDWI ashes (10-11%). 
Iron (1-5% vs. 0.2%) and sulfur (1-3.5% vs. 0.25%) concentrations were an order of 
magnitude higher than MEDWI ashes. Additionally, trace amount of cadmium (0.001-
0.01%), cobalt (0-0.008%), chromium (0.01-0.06%), nickel (0.003-0.01%), and titanium 
(0-0.08%) were present for both MEDWI and MWI ashes. Further discussion of these 
compounds is presented with the surface composition in Section 4.2.2. 
 
Figure 4.7. XRF graph of RWFA. 
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 XRF data (Figure 4.7) support a higher calcium (3.7 eV) concentration in MWI 
ashes compared to MEDWI ashes. Chlorine (2.7 eV), potassium (3.3 eV) and sulfur (2.3 
eV) were also detected in MWI ashes in significantly higher concentrations compared to 
MEDWI ashes. Higher concentrations of silicon were detected for MEDWI ashes 
compared to MWI ashes.  
  4.2.2.2 Crystalline Structure 
 Crystalline compounds have highly organized structures while amorphous 
compounds are disordered structures11. XRD detects any crystalline compounds present 
in a given material. The inorganic compounds in the fly ash can exist as either amorphous 
or crystalline.  
 
Figure 4.8. XRD data of all RWFA. The major peak of SiO2 is labeled and the subsequent 
peaks are marked with a “>”. The major peak of KCl is labeled and the subsequent peaks 
are marked with a “#”. The major peak of CaCO3 is labeled and the subsequent peaks 
are marked with a “†”. The major peak of CaSO4 is labeled and the subsequent peaks 
are marked with a “*”. 
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Iron oxide has high crystallinity while ferrihydrite, another naturally occurring form 
of iron oxide, has low crystallinity. Iron(II/III) oxide and iron(III) oxide are the most 
thermally stable forms of iron12. Silicon dioxide, potassium chloride, calcium carbonate 
and calcium sulfate were found in all RWFA (Figure 4.8). Additionally, aluminosilicates 
and other calcium containing compounds were observed in most MWI ashes. Crystalline 
silicon dioxide, common in RWFA, is most prominent in MEDWI ash 1 and MWI ashes 2-
6. All RWFA lack the presence of crystalline metal oxides, indicating that the metal oxides 
are either small clusters not detected by XRD or are in amorphous phase.  
 The detection of calcium by ICP-AES, XRF, and in crystalline compounds suggests 
that most of the calcium is present in crystalline phase as calcium carbonate and calcium 
sulfate, while calcium chloride hydroxide and tricalcium aluminate are present in lesser 
amounts. Calcium chloride hydroxide and tricalcium aluminate are known to form from 
the reaction of calcium chloride and calcite13 and aluminum hydroxide and calcite14-15, 
respectively.  
MWI ashes 1 and 3 have the highest amount of calcium of the RWFA (Table 4.2, 
Figure 4.7) present as calcium carbonate and calcium sulfate (Figure 4.8).  Degradation 
of these compounds occurs at 700 °C, which may explain the significantly large difference 
in mass loss between 500 °C and 800 °C for MWI ashes 1 and 3 (Figure 4.6). MEDWI 
ash 2, MWI ashes 2, 4, 5, and 6 also contained similar calcium (Table 4.2) in the form of 
calcium carbonate (Figure 4.8). This corroborates that the thermal treatment mass loss 
difference between temperatures is attributed to the loss from the decomposition of 
calcium carbonate.  
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Iron and sulfur are present in higher concentrations for MWI ashes compared to 
MEDWI ashes (Table 4.2). From XRD, we know that sulfur is present as calcium sulfate 
in the MWI ashes and no iron crystalline compounds are detected in any RWFA. ICP-
AES (Table 4.2) indicated that zinc is present for all RWFA in higher concentrations for 
MEDWI ashes and as a low or non-crystalline compound. The bulk characterization 
provided a basis for what compounds are available in all RWFA. However, since EPFRs 
interact with the surface we still need to determine where these compounds are in relation 
to the shape and depth of the particles. 
4.2.3 Surface Characterization 
 4.2.3.1 Surface Composition 
Surface metals have a stronger influence on EPFR formation compared to metals 
buried in the bulk. For this reason, it is critical to determine the potential surface metal 
availability of RWFA. By comparing the surface composition to the bulk composition, we 
will get a better understanding of the mechanisms between fly ash composition and EPFR 
formation. For this study, the surface composition was characterized by XPS and SEM-
EDS as explained in Chapters 3.4 and 3.8. XPS plots of the survey scan, calcium, sulfur, 
chlorine, carbon, zinc, and iron were obtained to determine the relative concentration of 
each element on the surface. SEM-EDS maps were taken to image the surface and 
determine potential collocation of elements on the surface. The question to be answered 
is whether there were there concentrated areas of a specific metal species present near 
the surface, or was a particular species present in one ash versus another.  
Figure 4.9 shows the XPS survey scans taken for all RWFA with corresponding 
peak identified in Table 4.3. For both sets of ashes, oxygen is the most prominent element  
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due to the high concentration of metal oxides [e.g. iron oxides, copper oxides, zinc 
oxides16], aluminosilicates and carbonaceous material17.  
 
Figure 4.9. XPS survey scan for all RWFA. 
 













1 24 O 2s 12 184 C 1s 
2 42 Ca 3s 13 304 Cl 2s 
3 54 Ti 3s 14 345 Ca 2p 
4 84 Mg 2s 15 437 Ca 2s 
5 101.5 Si 2p 16 498 Sn 3d 
6 145 As 3p 17 529-530 O 1s 
7 154 Si 2s 18 970 O KLL 
8 161 S 2p 19 1021 Zn 2p1/2 
9 199 Cl 2p 20 1043 Zn 2p3/2 
10 228 S 2s 21 1069 Na 1s 


















































Interestingly, the carbon species present differs for MEDWI and MWI ashes 
(Figure 4.9). All ashes have silicon, zinc, and calcium present at varying concentrations. 
There was no iron detected on the surface for all RWFA. The total iron concentration from 
ICP-AES data (Table 4.2) was ≤4.5%, potentially too low to be detected by XPS (LOD= 
>2%) for the survey scan (Figure 4.9) or iron clustered deep into the particles and is not 
present within the first 10 nanometers of the particles.  
 
Figure 4.10. XPS for the carbon region for RWFA. Potassium overlaps with the carbon 


































The XPS high-resolution scans taken in the carbon binding energy range show 
differences in the type of carbon present between MEDWI and MWI ashes (Figure 4.10). 
MEDWI ashes contain mostly adventitious carbon and species with carbon single bonds 
(e.g., phenyls, hydrocarbons, graphene) as shown by the C 1s peak at 284.5 eV18. 
MEDWI ashes also contain some metal carbides as indicated by the presence of broad 
peaks centered at 283 eV18-19. Unlike the MEDWI ashes, the carbon present in MWI 
ashes is mostly in the form of metal carbides and carbon-oxygen single bonds.  
The peaks centered at 291.5 eV and 294 eV (Figure 4.10) are indicative of 
potassium19. The spin-orbit coupling between peaks is ~2.8 eV for potassium18 shown by 
the 2p3/2 peak (291.5 eV) and 2p1/2 peak (294 eV), indicating the presence of potassium 
chloride18-20. 
 
































The XPS high resolution spectra in the chlorine binding energy region show the 
presence of chlorine only in MWI ashes (Figure 4.11). MWI ashes 1, 3 and 4 have a 
higher concentration of chlorine as indicated by the split peaks centered at 196.9 eV (Cl 
2p3/2) and 198.5 eV (Cl 2p½)19. The spin-orbit splitting between the two Cl 2p peaks is 1.6 
eV18, which is characteristic of chlorides. MWI ashes 2, 5, and 6 have both Cl 2p peaks 
that are less defined, indicating the presence of chlorine at a lesser concentration than 
the other MWI ashes. 
 The presence of potassium chloride in Figure 4.10 is corroborated by the detection 
of chlorides in Figure 4.11. The absence of peaks in the chlorine and potassium (Figure 
4.10, 4.11) binding energy regions for MEDWI ashes suggests no chlorine is present at 
the surface. 
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	 81	
 Two different types of surface silicon were present in MEDWI and MWI ashes 
(Figure 4.12). Both MEDWI ashes, contained organic silicon (peak at 102 eV)18 with 
MEDWI ash 1 containing a higher amount. The asymmetric broad peak for MEDWI ash 
1 at 102 eV is characteristic of overlapping Si 2p3/2 and Si 2p1/2 peaks because the 
measurement was taken using a high pass energy. If taken at a lower pass energy, the 
peaks could be resolved in the spectra18. For MWI ashes, silicon is present in the form of 
silicon carbide (peak 100.5 eV)18-19.  
The XPS high resolution spectra over the iron region showed no presence of iron 
(Figure 4.12). Iron oxide compounds have two characteristic peaks at ~710 eV and ~723 
eV with a spin-orbit coupling distance of 13.1 eV18-19. Iron was not detected near the 
surface due to low concentrations in the sample and/or below the LOD of XPS, but was 
detected using bulk measurements (Table 4.2).  
High concentrations of zinc were found in the XPS high resolution spectra over the 
zinc binding energy range for MEDWI ashes (Figure 4.13). For MEDWI ashes 1 and 2, 
two peaks are present for zinc, Zn 2p½ (1043 eV) and Zn 2p3/2 (1020 eV). Similar to 
chlorine, the splitting distance between the two zinc peaks corresponds to the spin-orbit 
coupling and is consistent with zinc oxide with a separation distance of 23 eV18. The 
absorbance peak at 1020 eV indicates zinc oxide presence for both MEDWI ashes. 
However, the broad peaks for MEDWI ashes 1 and 2 at 1022 eV also indicate the 
presence of multiple zinc species, potentially zinc carbonate or zinc hydroxide18-19. Zinc 
is also present in lower concentrations on the surface of the MWI ashes. The peak at 
1019 eV indicate the presence of zinc metal on all MWI ashes19. MWI ashes 2 and 4 have 
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Figure 4.13. XPS for the zinc region for RWFA. 
  
 Calcium was detected primarily on the surface of MWI ashes (Figure 4.14). 
MEDWI ashes had minimal to no calcium present on their surface. The peaks at 346 eV 
and 349 eV indicate the presence of calcium 2p3/2 and 2p1/2, respectively.  The spin-orbit 
coupling is 3.5 eV, characteristic of calcium carbonate18-19. The weak loss features at 





























MWI ashes 2, 5, and 6 are shifted 1 eV to 345, which is characteristic of calcium oxide18. 
The Plasmon loss features are due to interactions between the photoelectrons within the 
valence bond21.  
 
Figure 4.14. XPS for the calcium region for RWFA. 
 
Sulfur was predominantly observed for MWI ash 4 (Figure 4.15). For MEDWI 
ashes and the other MWI ashes, sulfur was observed in very low concentrations. The 






























Figure 4.15. XPS for the sulfur region for RWFA. 
 
In summary, XPS studies indicate that the surface of MEDWI ashes is composed 
of zinc, while iron is embedded inside the particles. In contrast, the surface of MWI ashes 
is dominantly contains calcium and chlorine. The small presence of sulfur near the surface 
suggests for MWI ashes most of the sulfur is below the first ten nanometers of the 
particles. Two types of carbon were found near the surface, most likely caused by a 
difference in incinerator conditions. Through ICP-AES, XRF, and XPS, we know the 































entrenched inside the particles. However, the distribution of the species as well as size 
and shape of the particles are still unknown. 
4.2.3.2 Surface Morphology 
To resolve the particle morphology, SEM-EDS and TEM were used. Typically, fly 
ash particles can range from micron-sized to nanoparticles22-23, with shapes as a mixture 
spheres and rods24-26. MEDWI ash 1 has circular shaped particles and aluminum, 
potassium and silicon were the most prevalent near the surface (Figure 4.16a). MEDWI 
ash 2 particles were smaller compared to MEDWI ash 1. Copper, and sodium were mono-
dispersed throughout the MEDWI ash 1 pellet, while carbon, aluminum, silicon, zinc, 
phosphorous, and calcium were clustered together (Figure 4.16b). The most prominent 
species were calcium and silicon. The surface of MWI ashes are represented by MWI ash 
2, where the particles are agglomerated with calcium as the dominant species (Figure 
4.16c). There are small clusters of metals, such as zinc, aluminum and iron spread 
throughout the particles. Many of these components are common to fly ash23, suggesting 
that different waste types and process treatments will influence the composition of fly 
ash27-28.  
 
Figure 4.16a. MEDWI ash 1 SEM-EDS surface image (left) and map (right) with 












    
Figure 4.16b. MEDWI ash 2 SEM-EDS surface image (left) and map (right) with 
corresponding elemental identification. 
 
     
Figure 4.16c. MWI ash 4 SEM-EDS surface image (left) and map (right) with 
corresponding elemental identification. 
 
  
The particles for MEDWI ash 1 are sphere-like (Figure 4.17, top), while those of 
MEDWI ash 2 (Figure 4.17, bottom) are an order of magnitude smaller. The particle size 
average for both MEDWI ashes is shown in Table 4.4. Both MEDWI ashes contain EPFRs 
(1015 - 1016 spins/gram), with MEDWI ash 2 at an order of magnitude higher. 
 
Table 4.4. Average particle size in nanometers for MEDWI ashes determined by TEM. 
  MEDWI ash 1 MEDWI ash 2 




Figure 4.17. TEM images of MEDWI ashes 1 and 2. 
 
The surface characterization results from XPS, SEM-EDS and TEM analyses, in 
conjunction with the bulk characterization results, provide a near-complete cross-
sectional picture of the RWFA composition. MEDWI ash 1 particles (104 nm) are larger 
than MEDWI ash 2 particles (7 nm). MEDWI ash 2 is monodispersed near the surface 
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with mostly zinc and carbon and small clusters of aluminum, potassium and calcium 
(Figure 4.16b). In contrast, the large particles in MEDWI ash 1 are clusters of aluminum, 
silicon, and potassium (Figure 4.16a). The lack of zinc and iron near the surface of 
MEDWI ash 1 can explain why MEDWI ash 2 has a stronger EPFR signal than MEDWI 
ash 1.  
MWI ashes have a completely different compositional picture compared to MEDWI 
ashes. MWI ashes, in particular 1 and 3, have extremely high concentrations of calcium. 
The calcium content can be attributed to the injection of lime as a potential treatment for 
fly ashes and sulfur dioxide to control their emissions
29-30
. As a result, the metal content 
in the ashes are diluted. In addition to calcium, sulfur is added a potential treatment for 
emission reduction. Sulfur is known to poison the surface of catalysts by forming strong 
metal-sulfide bonds through sulfidation
31-34
. Justification for the lack of EPFRs is 
potentially due to the presence of calcium sulfate as detected by ICP-AES, XPS, and 
XRD (Table 4.2, Figure 4.9 and 4.8). The sulfur speciation of the exact metal sulfates 
present in RWFA was found using X-ray Absorption Near Edge Structure (XANES). 
4.2.4 Sulfur Speciation  
The sulfur speciation is important in understanding what species result from 
interactions between metals and sulfur. XANES studies were performed at the sulfur K-
edge (2471 eV) to determine this as described in Chapter 3.5. The edge peak is the 
energy at which the major absorption occurs for each electron shell of a species. In this 
study, we are looking at the sulfur K-edge. Shape resonances are characteristic features 
that result from interactions in the local potential of the sulfur compounds. The sulfate 
edge, peak 3, at 2481 eV was present for both MEDWI and MWI ashes (Figure 4.18). 
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The shape resonances, 4, 5, 6, and 7 indicate differences in the sulfate species present 
in MEDWI and MWI ashes. Both sulfides and sulfites were detected in MEDWI ash 1 and 
2 as shown by peaks 1 and 2 in Figure 4.18. Sulfites were also found in MWI ash 1 and 
3. For MWI ashes, peaks 3, 4, 5, and 6 are similar to the XANES spectrum of calcium 
sulfate35-36. For MEDWI ashes, peaks 3 and 7 are similar to the XANES spectrum of zinc 
sulfate35.  
 
Figure 4.18. XANES spectra at the sulfur K-edge for RWFA. 
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Further confirmation of these sulfur compounds was obtained using linear 
combination fitting (LCF). LCF compares known reference spectra to the unknown 
spectrum to determine a calculated composition of the reference compounds based on 
how well the spectral peak positions and shapes match. For MEDWI ashes, LCF results 
confirm the dominant sulfur species present as zinc sulfate (48-72%, Table 4.5). Calcium 
sulfate (25-80%) and zinc sulfate (21-75%) were confirmed by LCF as the two major sulfur 
species present in MWI ashes (Table 4.5). Sulfides were confirmed in MEDWI ashes and 
sulfites were confirmed in MWI ashes (Table 4.5). 
 
Table 4.5. LCF results for XANES data at the sulfur K-edge for RWFA reported in %.  
Sample ZnSO4 ZnSO3 CaSO4 ZnS 
MEDWI ash 1 72 3 6 19 
MEDWI ash 2 48 0 24 23 
MWI ash 1 57 18 25 0 
MWI ash 2 57 0 34 0 
MWI ash 3 34 17 50 0 
MWI ash 4 75 0 25 0 
MWI ash 5 33 0 67 0 
MWI ash 6 21 0 79 0 
 
4.3 Conclusions 
The elemental composition was extensively studied using ICP-AES, XRF, and 
XRD. The resulting significant species found in MWI and MEDWI ashes were calcium, 
iron, sulfur and zinc. Calcium was observed in crystalline phases, calcium carbonate, 
calcium sulfate, and other calcium oxide compounds. A correlation between the ashes 
with high calcium content (10-25%, Table 4.1), calcium sulfate (Figure 4.8, 4.18) and an 
absence of EPFRs (Figure 4.5) was found. These same ashes, MWI, also have a 
significant amount of sulfur (1-5%, Table 4.1) present as sulfates (Figure 4.18). The total 
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sulfur present for MEDWI ashes was <1% indicating that any sulfates that formed had an 
insignificant effect on the metal availability. Zinc is the only EPFR-active metal near the 
surface for all RWFA in this study, with the total zinc present for MEDWI ashes (4%) an 
order of magnitude higher than MWI ashes (<1%). The lesser amount of total available 
zinc in MWI ashes present as zinc sulfate (Figure 4.13) can potentially explain the lack of 
EPFRs in these ashes. Iron was not observed at the surface (Figures 4.9, 4.12, 4.18) and 
therefore did not contribute to the EPFR concentration detected in MEDWI ashes. 
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CHAPTER 5: SURROGATE FLY ASHES 
 The results presented here are focused on the studies using surrogate fly ashes. 
Seven surrogates were made using the incipient wetness method (Chapter 3.2) to 
impregnate iron, copper, magnesium, zinc onto Cab-O-Sil, with some surrogates also 
containing calcium and/or sulfur. The composition was based on the characterization of 
the inorganic components of RWFA described in the previous chapter. Metal nitrates, 
calcium nitrate, and ammonium sulfate were used as precursors to achieve a composition 
containing metal oxides, metal sulfates, calcium oxide, and calcium sulfate. The first 
section below describes the composition and morphology of the surrogates in relation to 
their surface concentration and size. The second section describes the differences 
observed in EPFR formation and subsequent characterization. Preliminary results using 
sulfur dioxide as the sulfate precursor are also presented. Sulfur was found to be a critical 
component in inhibiting EPFR formation. 
5.1 Compositional Differences in Surrogate Ashes  
 5.1.1. Surface Composition 
 Surrogate fly ash is supported on Cab-O-Sil due to its porosity, large surface area, 
and the detection of high concentrations of silicon in RWFA. The baseline containing the 
mixed metal oxides had 90% Cab-O-Sil. The rest of the surrogates contained ~60% Cab-
O-Sil as calculated in order to achieve final concentrations for the metal oxides as follows: 
5% iron, 2% zinc, 2% magnesium, 0.1% copper, and 30% calcium and/ or 10% sulfur. 
The deposition of calcium and/or sulfur with the metals was done both simultaneously 
and sequentially as described in Chapter 3.2. Specific components in each ash and their 
corresponding labels are shown below in Table 3.1 from Chapter 3. XPS was used to 
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confirm the surface composition and was performed as described in Chapter 3.4. SEM-
EDS (Chapter 3.8) with mapping was performed to determine the morphology of the 
particles and to determine if species clustered in a similar manner to RWFA. Particle 
morphology was confirmed using TEM (Chapter 3.9).  
 
Table 3.1. Concentrations of surrogate fly ashes. 
Surrogate Mixed Metals (MM) BMMCaS PMMCaS BMMCa PMMCa BMMS PMMS 
Before 
Calcination Fe, Cu, Mg, Zn MM, Ca, S MM MM, Ca MM MM, S MM 
Post 
Calcination - - Ca, S - Ca - S 
 
The surface composition for MM primarily consists of oxygen, silicon, and carbon 
(Figure 5.1). The presence of Cab-O-Sil (silicon dioxide) combined with the metal oxides 
can account for the major presence of oxygen on the surface. The oxygen 1s, 2s, KLL 
and auger peak were observed for all surrogates (Table 5.1, Figure 5.1).  
 







1 24 O 2s 
2 101.5 Si 2p 
3 154 Si 2s 
4 168 S 2p 
5 184 C 1s 
6 345 Ca 2p 
7 437 Ca 2s 
8 529-530 O 1s 
9 970 O KLL 
10 999 O Auger 
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No iron or zinc were detected at the surface potentially due to surface 
concentrations below the LOD of the XPS (~0.1 atomic %)3 or these transition metals 
were not present in the area scanned by the XPS beam (256 x 256 pixels)3. A small 
amount of adventitious carbon was observed at 184 eV (Table 5.1, Figure 5.1) on all 
surrogates.  
 
Figure 5.1. XPS survey scan for all surrogate fly ashes. 
 
Since the surrogate ashes were not kept airtight, it is possible that atmospheric 
carbon adhered to the surface (peak 5, Table 5.1). It is important to note that no transition 
metals are present on the surface for all surrogates. The lack of transition metals on the 
surface can be attributed to the metal content ending up in the bulk due to surrogate 
preparation by the incipient wetness method or that the XPS was not sensitive enough to 
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detect the metals in concentrations less than 5%. In addition to the three core components 
mentioned above, the surface of BMMCaS and PMMCaS contains calcium (peaks 6 and 
7, Table 5.1) and sulfur (peak 4, Table 5.1), although the sulfur peak is very low. BMMCa 
and PMMCa have the same three base components as MM with the addition of calcium 
(peaks 6 and 7, Table 5.1). Similarly, BMMS and PMMS have the three core components 
with the addition of the sulfur (peak 6, Table 5.1). 
 
Figure 5.2. XPS for the iron region for all surrogate ashes. 
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 A high resolution spectra in the iron binding energy region is shown in Figure 5.2. 
Trace amounts of iron were observed for MM, BMMCaS and PMMCaS. The rest of the 
surrogate ashes had no detectable iron present. 
 
Figure 5.3. XPS for the calcium region for all surrogate ashes. 
 
 Calcium was another component examined by a high resolution XPS scan. 
Significant concentrations of calcium were found on the surface for all surrogates 
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containing calcium: BMMCaS, PMMCaS, BMMCa and PMMCa (Figure 5.3). Calcium 
presence is indicated by peaks at 346 eV and 350 eV1-2. For BMMCa and PMMCa, the 
peaks are shifted by 1 eV suggesting a different calcium species present in these 
surrogate ashes4. 
 
Figure 5.4. XPS for the sulfur region for all surrogate ashes. 
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 For the sulfur binding energy region, metal sulfate peaks occur at ~169 eV2. As 
expected, this characteristic peak is present for BMMCaS, PMMCaS, and PMMS. The 
spectra for BMMS is noisier than the rest and if resolved, the sulfur peak may appear. It 
should be noted that the sulfur peak for PMMS is broader than BMMCaS and PMMCaS, 
possibly due to the presence of multiple metal sulfate species. 
 From XPS studies, we know that BMMCaS, PMMCaS, BMMCa and PMMCa all 
have calcium present but potentially as different species. Since sulfur was observed for 
BMMCaS and PMMCaS as well, the calcium species is potentially calcium sulfate. 
Confirmation of surface composition changes, specifically between calcium and sulfur, 
for all surrogates was obtained. The particle features of surrogate ashes and 
determination of their metal species will provide a foundation of the composition for use 
later on to explain their effect on EPFR formation. The particle features are important to 
know, especially since these model ashes should closely resemble RWFA. 
  5.1.2. Surrogate Particle Morphology 
 Similar to RWFA particle characterization in the previous chapter, SEM-EDS and 
TEM were used to resolve the particle morphology of the surrogate ashes. One issue that 
affected the image resolution was the high concentration of silicon. Silicon is a non-
conductive material that creates a “charging effect”, which is the accumulation of static 
electrons on the sample surface that interferes with the signal5-6, while taking an SEM-
EDS image. To negate this effect, a charge neutralizer was used and the surrogate ash 
pellets were coated with a thin layer of platinum. Despite these efforts, the high content 
of silicon continued to degrade the quality of the images as seen in Figure 5.5 by the 
prominent horizontal lines. MM is shown as the top image and map in Figure 5.5, where 
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silicon and oxygen are monodispersed over the surface of the particles. The surface 
mostly consists of silicon for MM. 
     
    
 
Figure 5.5. SEM-EDS images (left) and maps (right) of MM (top), BMMCaS (middle), and 
PMMCaS (bottom).  
 
 
The surface of BMMCaS is shown in the middle images, where there are clusters 
of calcium throughout the silicon particles on and just below the surface. Iron can also be 
seen in BMMCaS, but the majority of the surface is composed of silicon. The surface of 
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PMMCaS is presented in the bottom images (Figure 5.5). The biggest difference between 
PMMCaS and the previous two are the shape of the particles. They are more rod-like 
than round, which could be due to the magnification of the image and not the particles 
themselves. MM and BMMCaS are shown at an order of magnitude lower than PMMCaS. 
Interestingly, at this heightened magnification, the presence of both calcium and sulfur 
are detected at the surface. The formation of calcium sulfate will prove to be an important 
observation in determining the critical components of EPFR formation. 
A difference in particle size and crystallinity was observed between the surrogate 
ashes shown in the TEM images (Figure 5.6).  
 
Figure 5.6. High Resolution TEM images and corresponding electron diffraction patterns 
for all surrogate ashes. 
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The average particle size for BMMS and PMMS was ~60 nm. For the rest of the 
surrogate ashes, the average particle size was ~180 nm. Similar round particle shapes 
were observed for all surrogate ashes. In addition, PMMCaS was the only surrogate to 
have a crystalline pattern in the electron diffraction (Figure 5.6). The rest of the surrogate 
ashes did not have a crystalline diffraction pattern (Figure 5.6) as shown by the lack of 
structure and rings in the electron diffraction pattern images. The difference in size 
potentially accounts for the difference in the EPFR concentration as described in the next 
section.  
  5.1.3. Crystalline Structure 
The XRD data in Figure 5.7 shows the crystalline compounds present in all 
surrogate ashes. All spectra have a broad peak at 21 degrees, confirming the presence 
of amorphous silica. SiO2 has a characteristic sharp peak at 21 degrees due to its defined 
crystalline structure. As a compound loses this crystallinity, the peak broadens. The 
amorphous silica peak is expected for all surrogates due to their high concentration of 
Cab-O-Sil. Additionally, calcium sulfate was found in BMMCaS and PMMCaS. A zoomed 
in spectrum of BMMCaS is shown in the top right box of Figure 5.4. The BMMCaS 
spectrum was taken separately and has poorer resolution as a result of fewer counts. The 
peaks marked with a (*) match the spectrum of anhydrite CaSO47. Despite the noisy 
spectrum, BMMCaS and PMMCaS are the only surrogates that resulted in the formation 
of a crystalline species. This is corroborated with the TEM electron diffraction pattern for 
PMMCaS, where the particles showed distinct crystallinity (Figure 5.6).  
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Figure 5.7. XRD data of all surrogate fly ashes. BMMCaS is shown as an inset due to low 
intensity compared to the rest of the surrogates. The major peak for calcium sulfate is 
labeled and the subsequent peaks are marked with a “*”. 
 
 The SEM-EDS and XRD data corroborate the presence of calcium sulfate in 
BMMCaS and PMMCaS. Differences in the composition for the classes of surrogates, 
mixed metals without calcium and sulfur (MM), calcium-containing (BMMCa and 
PMMCa), calcium and sulfur-containing (BMMCaS and PMMCaS), and sulfur-containing 
(BMMS and PMMS) were observed by XPS, SEM, TEM and XRD. Through TEM and 
SEM images, we know the surface of BMMCaS and PMMCaS mostly consists of round, 
large particles of calcium and silicon. The XPS data revealed a metal sulfate presence in 
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PMMS, which will be examined further in Section 5.3. The compositional changes are 
further explored in relation to EPFR formation in the next section. 
5.2 EPFR Formation Changes Between Surrogates 
 The surrogate ashes have similar surface composition and morphology to the 
RWFA shown in Chapter 4. The determination of EPFRs formed on the surrogates will 
provide insight into how calcium and sulfur affect their formation. EPFR formation on the 
surrogate particles was achieved through exposure to 2-monochlorophenol in a custom 
vacuum chamber as described in Chapter 3.2. EPFR characterization was performed 
using EPR spectroscopy as described in Chapter 3.3. All data was normalized by mass. 
Concentrations were calculated as described in Chapter 3.3. 
 
Figure 5.8. EPR spectra for all surrogate fly ashes. 
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 The EPR spectra for all surrogates is shown in Figure 5.8 and the resulting EPFR 
concentrations are shown in Figure 5.9. The baseline, MM, containing only the mixed 
metals, has an average EPFR concentration of 1017 spins/gram. The surrogates 
containing metals and both calcium and sulfur, BMMCaS and PMMCaS, had increased 
EPFR concentrations (8-9x1017 spins/gram) in comparison to MM, suggesting calcium 
and sulfur together enhance EPFR formation. Calcium had no effect on EPFR formation. 
Surrogates containing sulfur and metals, BMMS and PMMS, significantly decreased two 
orders of magnitude in EPFR concentration (1015 spins/gram). 
 
Figure 5.9. EPFR concentrations in a logarithmic scale for all surrogate ashes. The stars 
indicate statistically significant differences compared to the green bar, MM (p-value = 
0.000014, 0.0072, 0.000022, 0.000025, from left to right). 
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The decrease in EPFR concentration suggests that sulfur inhibits EPFR formation. 
Additionally, visual changes were observed among the surrogate ashes. MM, BMMCaS, 
PMMCaS, BMMCa and PMMCa are slightly varying shades of orange before the EPFR 
exposure while BMMS and PMMS are off-white. After the exposure, all samples darkened 
with BMMS and PMMS turning black and the rest became a burnt orange. The color 
change reflects a successful reaction between the organics and surrogate ashes. 
 
Figure 5.10. Average ∆Hp-p for all surrogate ashes. 
 
Further evidence to support changes in the radical species on BMMS and PMMS 
compared to the rest of the surrogate ashes is in the spectral parameters, ∆Hp-p and g-
value.  ∆Hp-p, the peak width, was roughly 6 gauss for all surrogate ashes (Figure 5.10) 
indicative of one type of radical species. If there were multiple radical species present, 
the peak widths would be much wider, approximately 12-14 gauss8. The g-value, a 
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parameter used to determine the type of radical species present (described in Chapter 
3.3), was significantly lower for the sulfur containing surrogates, BMMS and PMMS as 
compared to the rest (Figure 5.11).  
 
 
Figure 5.11. Average g-value for all surrogate ashes. The stars indicate statistical 
significance compared to the green bar, MM (p-value = 0.0025 and 0.0022, from left to 
right). 
 
For MM, BMMCaS, PMMCaS, BMMCa, and PMMCa the average g-value ranged 
from 2.0044 to 2.0048, indicating the formation of oxygen-centered radicals on these 
surrogate ashes. For BMMS and PMMS, the average g-value range was 2.0035-2.0037, 
indicating the formation of carbon-centered radicals. The change in g-value and narrow 
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peak widths suggests that sulfur changed the EPFR species during the formation reaction 
between the surrogate ashes and MCP. 
BMMS and PMMS had a reduced EPFR concentration, compared to the rest of 
the surrogates. Based on XPS, metal sulfates are potentially the cause for the EPFR 
inhibition. No significant effect was observed for BMMCa and PMMCa, suggesting that 
calcium by itself does not interfere with EPFR formation. Contrary to our expectations, 
the only two surrogates with calcium sulfate present had the highest concentration of 
EPFRs (BMMCaS and PMMCaS). It is possible that sulfur preferentially bound to calcium 
over iron or zinc. If so, then iron and zinc would be completely available for EPFR 
formation. In order to determine if sulfur was the cause of the change in EPFRs, the sulfur 
speciation was closely examined and discussed in the next section. 
5.3 Sulfur Speciation 
 In the previous sections, sulfur was shown to have a major effect on EPFR 
formation. The speciation of sulfur cannot be confidently determined using SEM-EDS and 
XPS because of its low concentration on the surface. XANES provides the necessary 
energy and resolution to determine the coordination of individual components in complex 
matrices9. XANES used high intensity light to determine which sulfur species formed in 
the aforementioned surrogate ashes. XANES was performed using the LEXAS beamline 
at CAMD (Chapter 3.5) at the sulfur K-edge. The spectra are presented in Figure 5.12. 
The spectra for the sulfur reference compounds are shown in Figure B1 of Appendix B. 
The sulfate edge is at 2481.4 eV (peak 1) and the shape resonances associated 
with the sulfate species are present at higher energies (peaks 2, 3, 4 and 5, Figure 5.12). 
BMMS and PMMS have both the sulfate edge peak and broad shape resonance (peak 
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5), indicating the presence of multiple species. The XANES spectra for BMMS and PMMS 
resemble the spectra of iron sulfate and zinc sulfate. The shape resonances from multiple 
species overlap and have a broadening effect on the overall spectrum10. BMMCaS and 
PMMCaS have a shape resonance near the sulfate edge (peak 2) and two other shape 
resonances at higher energies (peaks 3 and 4). The XANES spectra for BMMCaS and 
PMMCaS resembles the spectrum of calcium sulfate.  
 
Figure 5.12. XANES spectra taken at the sulfur K-edge for all sulfur containing surrogate 
ashes: BMMCaS, PMMCaS, BMMS and PMMS.  
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Linear Combination Fitting (LCF) results (Table 5.2) confirmed the presence of 
calcium sulfate as the dominant form of sulfur in BMMCaS (64%) and PMMCaS (89%). 
Iron and zinc sulfate were also present in lesser concentrations (<20%) for BMMS and 
PMMS. Iron sulfate and zinc sulfate were confirmed as the dominant sulfur species for 
BMMS (77%) and PMMS (63%), respectively.  
 
Table 5.2. LCF results from the sulfur K-edge showing the sulfur speciation and 
composition (%) for all of the sulfur containing surrogate ashes.  
 BMMCaS PMMCaS BMMS PMMS 
ZnS  0 0 0 0 
ZnSO3 0 0 0 0 
ZnSO4 17 11 22 63 
CaSO4 64 89 0 5 
FeSO4 19 0 77 32 
 
Evidence of a change in the sulfur speciation for BMMS and PMMS is shown by 
the XANES data and LCF results. The reference spectra for the iron compounds used for 
LCF are shown in Figure B2 in Appendix B. A change in the metal speciation would 
complement these studies and provide overwhelming evidence to support the differences 
in the sulfur species. This was done by performing XANES at the iron K-edge using the 
sample preparation and experimental procedure outlined in Chapter 3. The iron 
speciation shown in Figure 5.13 indicates the presence of an Fe3+ species by the pre-
edge peak at ~7113 eV. The edge peak for the mixed metal surrogate (MM) is at 7133 
eV and the shape resonances at 7150 eV and 7175 eV indicate the presence of 
ferrihydrite. LCF results shown in Table 5.3 support that iron is only present as ferrihydrite 
(Fe5HO8) for MM. For the surrogates containing calcium, BMMCa and PMMCa, and both 
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calcium and sulfur, BMMCaS and PMMCaS, the iron speciation is similar to MM. The 
main difference is the presence of iron(III) oxide. The majority of the iron is present as 
ferrihydrite, with 20-30% in the form of iron(III) oxide, as confirmed by the LCF results 
(Table 5.3).  
 
Figure 5.13. XANES spectra taken at the iron K-edge for all surrogate ashes. 
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Moreover, the iron species present for the surrogates containing the mixed metals 
and sulfur (BMMS and PMMS) have completely different shape resonances at 7140 eV 
and 7175 eV. The spectra are similar to that of iron (III) sulfate, therefore indicating its 
presence in only these surrogates. LCF results in Table 5.3 indicate that 70% of the iron 
in BMMS and PMMS is present as iron (III) sulfate, and ~25% is present as iron (III) oxide. 
The significant drop in EPFR concentration shown in Figure 5.8 may be due to the lack 
of iron available near the surface. Iron sulfate is a stable species that does not undergo 
surface-mediated reactions under standard conditions. This further supports the 
hypothesis that sulfates block EPFR formation. 
Ferrihydrite and iron oxide are both Fe3+ species, however ferrihydrite has a poor 
crystalline structure with many defects, while iron (III) oxide has a well defined crystalline 
structure. Ferrihydrite is a naturally occurring mineral found in sediments, soils and acid 
mine drainage11-12. Consequently, EPFRs are found in the same locations, suggesting 
iron availability plays an important role in EPFR formation.  
 
Table 5.3. LCF results from the iron K-edge showing the iron speciation and composition 
(%) for all surrogate ashes. 
 MM BMMCaS PMMCaS BMMCa PMMCa BMMS PMMS 
FeO 0 0 0 0 0 0 0 
FeSO4 0 0 0 0 0 0 0 
Fe2(SO4)3 0 0 0 0 0 71 74 
Fe5HO8 100 80 75 77 70 0 0 
FeCO3 0 0 0 0 0 0 0 
Fe2O3 0 20 25 23 30 28 26 
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 In summary, the surrogate ashes, BMMS and PMMS, with solid sulfur additions 
had reduced EPFR concentrations due to the lack of metal availability. Iron and zinc were 
present as iron and zinc sulfate. The increase of EPFRs in BMMCaS and PMMCaS can 
possibly be attributed to the metal availability of iron and zinc. The formation of calcium 
sulfate in these surrogate ashes prevented any sulfur interaction with the metals; 
however, it is still unknown what exactly caused the increase of EPFRs compared to MM. 
5.4. Sulfur Dioxide Exposure 
 The results presented above led to the understanding that solid sulfur effects 
EPFR formation. Solid sulfur is among the types of sulfur present in incinerators. Sulfur 
dioxide is important when considering combustion system reactions due to its formation 
during the incineration process. Sulfur dioxide is heavily regulated by the EPA13 and 
typically controlled at the output of incinerators by scrubbers14.  To compliment the studies 
above, sulfur dioxide examined for its potential to react with the surface metals and inhibit 
the EPFR concentration. The sulfur dioxide exposure is described in Chapter 3.2 and 
involved looking at its effect on EPFRs in three ways: pre-organic exposure, post-organic 
exposure, and simultaneously. The pre-organic exposure is comparable to the solid sulfur 
addition from the above studies. The post-organic exposure will reveal the ability of sulfur 
dioxide to remove EPFRs. Competitive absorption will give insight to the ability of sulfur 
dioxide to bind to the particles to prevent EPFRs in the presence of MCP. 
 For the pre-organic exposure study, the mixed metal surrogates showed a small 
EPFR signal (1x1016 spins/gram) after the sulfur dioxide exposure (Figure 5.14). The 
EPFRs formed here are attributed to the exposure of organic impurities from the dosing 
setup and from the sulfur dioxide gas mixture. The EPFR concentration in these ashes 
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increased to 5x1016 spins/gram after exposure to MCP. When compared to the regular 
MCP exposure, there is a statistically significant decrease for the sulfur dioxide pre-
exposed surrogate ashes (Figure 5.14) compared to the baseline (MM). For the sulfur 
dioxide post-exposure, the mixed metal surrogates dosed with MCP started with an EPFR 
concentration of 1x1017 spins/gram (Figure 5.11). After exposure to sulfur dioxide, the 
EPFR concentration decreased to 8x1016 spins/gram. The drop was not statistically 
significant meaning that sulfur dioxide was not successful in removing EPFRs from the 
surface. Lastly for the competitive absorption, there was also a decrease to 1 x 1016 
spins/gram but was not statistically significant.  
 
Figure 5.14. EPFR concentration differences between MCP dosed MM (green), pre-
organic exposure (black), post-organic exposure (gray), and competitive absorption 
(black) of sulfur dioxide. The stars indicate statistical decrease compared to the green 
bar, MM (p-value = 0.0001).  
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5.5. Conclusions 
 The data presented here eludes that sulfur is key to EPFR inhibition. XPS spectra 
(Figure 5.1) provided confirmation of the surface composition for all of the surrogate 
ashes. EPFR concentrations were significantly reduced for the surrogate ashes 
containing sulfur, BMMS and PMMS (Figure 5.8, 5.9). The lack of metal availability is due 
to the presence of metal sulfates (Figures 5.12, 5.13). The formation of zinc and iron 
sulfate on BMMS and PMMS (Figure 5.12) suggests sulfur may have reacted to form the 
metal-sulfates, which in turn inhibited EPFR formation. Sulfur heavily influenced the 
composition of the surrogate ashes by preferentially binding to calcium over iron and zinc. 
This was confirmed in the XANES spectra by LCF, which shows calcium sulfate is the 
dominant form for sulfur in BMMCaS and PMMCaS. In these ashes, majority of the sulfur 
reacted with calcium to form calcium sulfate and left zinc and iron available for reactions 
to form EPFRs. The formation of iron sulfate and zinc sulfate as the dominant species for 
BMMS and PMMS (Table 5.2) strongly supports that the active metal sites were occupied, 
thus resulting in a significant decrease of EPFRs for these surrogate ashes. Confirmation 
of the change in iron species showing the presence of iron sulfate for BMMS and PMMS 
and iron oxides for the remaining surrogate ashes is presented in Figure 5.13.  
Figure 5.15 shows a summary of the EPFR concentration for all surrogate ashes. 
Statistical increases were observed for BMMCaS and PMMCaS, most likely due to the 
readily available iron oxide and zinc oxide on the surface of the surrogate ashes. 
Statistical decreases were observed for BMMS, PMMS and SO2 pre-organic exposure 
compared to MM confirm that the addition of solid sulfur and sulfur dioxide prior to organic 
exposure will inhibit the formation of EPFRs. 
	 118 
 
Figure 5.15. EPFR concentration totals for all surrogate ashes with the addition of sulfur 
dioxide or calcium and/or solid sulfur. The double stars indicate a statistical increase in 
EPFR concentrations compared to the green bar, MM (p-values = 0.000014 and 0.0072, 
from left to right). The single stars indicate a statistical decrease in EPFR concentrations 




1. Alexander V. Naumkin, Anna Kraut-Vass, Stephen W. Gaarenstroom and Cedric 
J. Powell, NIST X-ray Photoelectron Spectroscopy Database. Technology, 
Measurement Services Department of the National Institute of Standards and, 
Ed. 2012. 
2. Inc., Thermofisher Scientific XPS Reference. 
http://xpssimplified.com/periodictable.php. 
3. Roberts, Adam AXIS Range of XPS Instruments: Small spot, imaging, multi-
technique photoelectron spectrometers; United Kingdom. 
	 119 
4. J. Moulder, J. Chastain, R. King et al, Handbook of X-ray Photoelectron 
Spectroscopy: a reference book of standard spectra for identification and 
interpretation of XPS data. Physical Electronics: Eden Praire, MN, 1992. 
5. Fukuda, Muneyuki; Tomimatsu, Satoshi; Shichi, Hiroyasu; Umemura, Kaoru, A 
new and simple probe-based method for preventing charging in focused-ion-
beam micro-sampling. Microelectronic Engineering 2005, 78–79, 22-28. 
6. Ura, Katsumi; Aoyagi, Sadao, Static capacitance contrast of LSI covered with an 
insulator film in low accelerating voltage scanning electron microscope. Journal 
of Electron Microscopy 2000, 49 (1), 157-162. 
7. Mechri, Mohammed Laïd; Chihi, Smaïl; Mahdadi, Naouia; Beddiaf, Samiha, 
Study of Heat Effect on the Composition of Dunes Sand of Ouargla (Algeria) 
Using XRD and FTIR. Silicon 2016, 1-9. 
8. Bolton, John E. Wertz and James R., ELECTRON SPIN RESONANCE: 
Elemental Theory and Practical Applications. Chapman and Hall, McGraw-Hill: 
New York, 1986; p 497. 
9. Prins, D.C. Koningsberger and R., X-ray Absorption: Principles, Applications, 
Techniques or EXAFS, SEXAFS and XANES. John Wiley and Sons: New York. 
10. P.T. Andrews I.R. Collins, V. Dose, J. Fink, J.C. Fuggle, R.W. Godby, J.E. 
Inglesfield, R. Schneider, J. Somers, D.D. Vvedensky, J. Zaanen and R. Zeller, 
Unoccupied Electronic States: Fundamentals for XANES, EELS, IPS and BIS. 
Springer-Verlag: USA, 1992. 
11. Jambor, John L.; Dutrizac, John E., Occurrence and Constitution of Natural and 
Synthetic Ferrihydrite, a Widespread Iron Oxyhydroxide. Chemical Reviews 
1998, 98 (7), 2549-2586. 
12. Ristić, M.; De Grave, E.; Musić, S.; Popović, S.; Orehovec, Z., Transformation of 
low crystalline ferrihydrite to α-Fe2O3 in the solid state. Journal of Molecular 
Structure 2007, 834–836, 454-460. 
13. EPA, United States, Sulfur Dioxide (SO2) Pollution. 2017. 
	 120 
14. EPA, United States, Power Sector Modeling Platform: Chapter 5. Emission 




CHAPTER 6: ADDITIONAL SUPERFUND SITE STUDIES* 
 Remediation technologies are constantly being developed to clean up current 
Superfund sites. Abandoned mine lands and waters, where mining activities (extraction, 
processing etc.) have occurred, threaten surrounding environments and human health1 
by oxidizing metals to form acid mine drainage (AMD)2. AMD, also referred to as mining 
influenced water (MIW), is characterized by low pH and high concentrations of heavy 
metals and sulfates3. Remediation techniques of AMD include chemical (limestone 
drains)4 and biological (bioreactors and permeable reactive barriers)5 methods. Steps to 
remediating MIW typically include neutralization of pH, reduction of sulfates and 
collection/immobilization of other dissolved contaminants (i.e. heavy metals)6. Biological 
remediation takes advantage of biomaterial by using it to breakdown stable compounds 
into soluble ones that can be effectively separated out and removed.  Chitin, or crustacean 
shells, and sulfate-reducing bacteria3, 5, 7-8 are newer biomaterials that have shown 
success in remediating MIW. Chitin acts as the electron donor to assist in the reduction 
process7. In the presented study, MIW was remediated using a bioreactor system (Figure 
6.1) containing chitinous material and sulfate-reducing bacteria (SRB) by removing heavy 
metals and sulfates. 
 My contribution to this project was the characterization of sulfur speciation by X-
ray Photoelectron Spectroscopy and X-ray Absorption Near Edge Structure. Metal 
removal is based on the immobilization of heavy metals as sulfides as they are non-
																																																						
*This chapter has been adapted from “Mechanisms and effectivity of sulfate reducing bioreactors 
using a chitinous substrate in treating mining influenced water”, 323, Souhail R. Al-Abed, Patricio 
X. Pinto, John McKernan, Elisabeth Feld-Cook, Slawomir M. Lomnicki, Chemical Engineering 
Journal, Pages 270-277, Copyright 2017 with permission from Elsevier.	
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soluble and will be retained in the solid precipitate7-8. As MIW is circulated through the 
columns (Figure 6.1), the reduction of sulfur by Chitin and SRB takes place and 
precipitates out into solid residues. The detection of sulfur as sulfides through the 
characterization of the sulfur speciation indicates a successful reduction of sulfur in the 
bioreactor. 
 
Figure 6.1. Bioreactor column schematic [reprinted with permission from Elsevier from 





6.1 Experimental Design 
 The bioreactor setup (Figure 6.1) treated MIW for 472 days. Three separate 
columns containing sand, chitinous material, and sulfate-reducing bacteria were used as 
described by Al-Abed 20179. The control column was packed with only sand, the abiotic 
column contained a 1:3 chitin/sand mixture, and the bioactive column contained a 1:3 
chitin/sand mixture and sulfate reducing bacteria. X-ray Photoelectron Spectroscopy 
(XPS) and X-ray Absorption Near Edge Structure (XANES) were used to characterize the 
sulfur speciation in the post reaction solid residues from the abiotic and bioactive 
columns. For XPS, the solid residues were prepared and performed as described in 
Chapter 3.4 for the survey and sulfur regions. Peak fitting and elemental identification of 
the XPS data was performed using XPST in IgorPRO. Peak fitting parameters included 
identification using the binding energies from the NIST database. The solid residues were 
prepared for XANES studies and performed at the sulfur K-edge using the LEXAS 
beamline at the CAMD facility as described in Chapter 3.5. All XANES data was 
normalized and analyzed using the Athena program of IFFEFIT. Sulfur references used 
for linear combination fitting (LCF) included zinc sulfate, calcium sulfate, cysteine, zinc 
sulfide, dimethylsulfoxide, diphenylsulfone, and zinc sulfite. 
6.2 Results 
Iron, zinc, and sulfates were the most abundant species in MIW. Iron was removed 
through precipitation as iron sulfide (FeS) and oxidized into iron hydroxide (Fe(OH)3). This 
was confirmed with the presence of iron in the solid residues by XPS (Figure 6.2). Zinc 
was the target removal metal due to its difficult nature of its removal from low pH mine 
water. Sulfate reducing bacteria were successful in removing both zinc and sulfates by 
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reducing zinc sulfate to zinc sulfide through precipitation in low pH. Traditional treatments 
raise the pH of the MIW which increases the difficulty of zinc removal because zinc 
hydroxides commonly precipitate out at a pH greater than 810. The formation of zinc 
sulfide was confirmed by XANES (Figure 6.3). In addition, a major presence of zinc was 
found using XPS (Figure 6.2, 6.4) which is most likely zinc sulfide.   
 
 
Figure 6.2. XPS survey for different columns of the bioreactor used for remediation of 
MIW [reprinted with permission from Elsevier9 from reference 9, copyright 2017].  
 
 
 The XPS survey scan of the surface of the post reaction solid residues revealed 
iron, zinc, sulfur, chromium, cadmium and carbon presence (Figure 6.2) in both the 
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bioactive and abiotic columns. The carbon peak can be attributed to adventitious carbon 
and metal carbonates such as iron and manganese. Iron, zinc, sulfur, chromium and 
cadmium were in too low of concentrations to determine the speciation using XPS. The 
sulfur speciation was further characterized using XANES (Figure 6.3). 
 
Figure 6.3. XANES spectra at the S-Kedge for different columns of the bioreactor used 
for remediation of MIW. [reprinted with permission from Elsevier from reference 99, 
copyright 2017] 
 
Sulfur was found in all bioactive columns; sulfur presence in the bioactive and 
abiotic columns was confirmed using XANES and XPS. The total amount of sulfur species 
in the solid residues was the highest in the bioactive column, followed by the abiotic 
column, and control column, respectively.  
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To analyze the sulfur species present, XANES was performed at the sulfur k-edge 
(Figure 6.3). The bioactive column near the top contained sulfur almost exclusively in the 
form of sulfides. Near the bottom of the column, both sulfides and sulfates were present, 
in about a 50-50 ratio. For the abiotic column, the majority of the sulfur was present in the 
form of sulfate.  Based on the shape resonances and linear combination fitting (LCF), the 
sulfate present in both columns most resembles zinc sulfate. In addition, for the top of the 
abiotic column, calcium sulfate was present in a lesser amount. The absence of zinc 
sulfide suggests that the formation of zinc sulfide was less important to the removal of 
zinc in this column. Further, the breakthrough of zinc occurred before sulfates for the 
abiotic column. The sulfide species present for the bioactive column most resembles zinc 
sulfide. This is supported by the presence of zinc found using XPS and the total zinc and 
sulfur species detected during the treatment period. Also, the detection of sulfate and zinc 
breakthroughs simultaneously in the bioactive column further supports the formation of 
zinc sulfide as a critical step in the mechanism of zinc removal.  
In Figure 6.4, the left spectrum shows the difference in the sulfur speciation found 
using XPS for the bioactive and abiotic columns. The bioactive column near the top 
contained only sulfides, while the bottom contained sulfates and thiols, indicating a 
reduction of sulfur. However, for the abiotic column, there were sulfates present but no 
sulfides.  The right spectrum in Figure 6.4 shows an example of how the speciation was 
determined using peak fitting in Igor PRO for the XPS data.   
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Figure 6.4. XPS for the sulfur region (left) for different columns of the bioreactor used for 
remediation of MIW. An example of the peak fitting analysis in IgorPRO (right). [reprinted 
with permission from Elsevier from reference 99, copyright 2017] 
 
6.3 Conclusions 
 The presence of zinc sulfide in the post reaction solid residue from the bioactive 
column shows that sulfate reducing bacteria successfully aided in the removal of zinc as 
zinc sulfide (Figures 6.3, 6.4) from MIW near the Formosa Mine. In addition, the presence 
of chitin in these columns increased the removal rate of sulfates, indicating another way 
to efficiently increase the removal of MIW. Zinc sulfide was not detected in the abiotic 
column confirming the need for SRB to remove zinc. SRB bioreactors with chitin show 
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CHAPTER 7: CONCLUSIONS 
 The studies presented here investigated the correlation between the chemical 
composition of fly ashes and EFPR formation, its underlying mechanisms, and identified 
potential methods for EPFR control. Additionally, the efficiency of a biological remediation 
technique at a current Superfund site was evaluated.  
 The correlation between fly ash composition and EPFR formation was evaluated 
using RWFA and surrogate fly ashes. In RWFA, zinc was strongly correlated with EPFR 
formation. Calcium and sulfur were present in high concentrations in RWFA where EFPRs 
were not detected (Chapter 4). The impact of calcium and sulfur was further investigated 
using mixed metal surrogate ashes. Contradictory to the RWFA composition, calcium and 
sulfur increased EPFR concentrations on surrogate fly ashes suggesting that the lack of 
EPFRs in MWI ashes was not due to the presence of a calcium sulfate on the surface 
(Chapter 5). Sulfur, however, was found to be a critical influence in the mechanism of 
EPFRs on fly ash (Chapter 5). In the absence of calcium, sulfur reacted with the metal 
oxides, resulting in the formation of surface metal sulfates and a significant decrease in 
EFPR concentration shown in Figure 7.1. Lime injections (calcium oxide) are commonly 
used to control the emissions of sulfur dioxide1. The injections are currently put directly 
into the flame. Based on the work presented here, moving the injection downstream to 
the cool zone will better control EPFR emissions by allowing sulfur to interact and form 
metal sulfates on particulates. This work provides the first step to potentially engineering 




Figure 7.1. Proposed mechanism of sulfur inhibition of EPFRs through the formation of 
surface metal sulfates. 
 
 Remediation of mining influenced water at a Superfund site was evaluated using 
sulfate-reducing bacteria and chitin. Together, they removed heavy metals including iron, 
zinc, and sulfates by converting the species to sulfides. The mechanism for zinc uptake 
is dependent upon sulfate reduction into sulfides. Sulfur speciation was obtained using 
XANES and XPS, both of which indicated success of the bioreactor through the presence 
of zinc sulfide.  
7.1 Future Work 
 There are still unanswered questions that need to be addressed in order to 
advance our understanding of the chemical methods to successfully identify a potential 
EPFR control method. Sulfur dioxide exposure studies need to be optimized to fully 
understand how gaseous sulfur affects EPFRs. Characterization of the sulfur speciation 
of the surrogate ashes after exposure to sulfur dioxide will advance our understanding of 
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the reactions between the mixed metal oxide surface and sulfur dioxide. The sulfur 
speciation can be compared to the rest of the surrogates to determine if the inhibition of 
EPFRs was mechanistically similar. 
 Additionally, exposing single metal oxide systems to sulfur will provide a basis of 
the interactions between sulfur and the metal oxide without the complexity of multiple 
components. Further, a dose—response for sulfur, in both gaseous and solid phases, is 
the next step in the development of an EPFR control method. 
Next, correlation between EPFRs and PCDD/Fs should be explored further using 
the sulfur-containing surrogates. Reduced amounts of PCDD/Fs would be expected from 
the surrogates containing sulfur due to their decreased EPFR concentrations. A study 
confirming a decrease in PCDD/F formation from these surrogates would complement 
the experiments presented in this work. 
 Lastly, a complementary study to the chemical properties and formation 
mechanisms explored in this work would be an investigation into the toxicity, specifically 
using mouse models and cell cultures, of all surrogate ashes from Chapter 5. It is 
hypothesized that the surrogates containing sulfur would produce fewer ROS due to the 
decrease in EPFRs. As a result, the susceptibility to cardiovascular and respiratory 
diseases would be reduced and overall less harm would be caused in biological systems. 
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